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0 Hlammer, Bla. khheath Stamping, ( itd 


cut costs with... 


Massey Marathon hammers are specially designed 
for mass production forging. They are made in sizes 
from 10 cwt. to 40 cwt. and being electrically driven the 

running costs are low: the insulation of the lifter 
from shock ensures low upkeep costs and the 
design of the slides and standards makes it 


possible to work to close limits 
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Massey designs include :— 

Steam and Compressed Air Hammers 
Pneumatic Power Hammers, Friction Dro; 
Hammers, Double-acting Steam and 
Compressed Air Drop Hammers, 

Forging Presses, Trimming Press: 


Tvre Fixing Rolls 





MAKERS OF THE WOR*LD’S GREATEST RANGE OF FORGING PLANT 


weemenn vee 
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The Wild-Barfield Generated Gas and 
‘Carbodrip’ methods of gas carburising 
ensure minimum carburising time, fastest 
production rates and full quality control 
Write to us for advice on the application 
of gas carburising for your work. 


ELECTRIC 


RHELD 


\ FOR ALL HEAT TREATMENT PURPOSES 
Negi Backed by 40 years’ specialist experience 


— 





WILD-BARFIELD ELECTRIC FURNACES LIMITED 


jrams: Elecfurn, Watforg 
wer 








metal treatment 
and Drop Forging 


Guy Motors make wide use of 
Delapena Induction Hardening Equipment 


One Delapena-EMA Shaft Hardening Fixture coupled to an E.25 Generator is in 
non-stop use at Guy Motors, Wolverhampton. 
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SOME OF THEIR latest heavy vehicle chassis, such as the Invincible 
Mk. If multi-axled goods chassis shown, incorporate thirty or more 
parts treated by Delapena induction heating, including : 


AXLE SHAFTS — hardening splines and ends 

STUB AXLES — hardening ends 

HAND BRAKE PAWLS — hardening wearing points 
CLUTCH SHAFTS — hardening sides of splines 
SHACKLE PINS FOR MAIN SPRINGS — hardening 
SWIVEL PINS — hardening 

CLEVIS PINS — tempering threads 


One of these operations is the hardening of large rear axle shaft splines 
Before induction hardening was imiroduced, appreciable wear was 
experienced on these splines. Now no wear is detectable after 10,000 
miles running 

The manner in which Guy Motors have employed this modern process 
in a broad range of applications points the way for its increasing u 

all kinds of industry. A better product at a lower cost is an ever-p 
target. Delapena can help you to reach it. The coupon below 

first step in this direction. 
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Please send me further information about induction hea 
particularly as applied to 
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Ref. 2-M.T.1 


Photographs and information by kind permission of Guy Motors Lid., Wolverhamptor 


Delapena Specialist Engineers in Induction Heating 


DELAPENA & SON LTD., MANUFACTURERS OF INDUCTION 
HEATING AND PRECISION HONING EQUIPMENT 
(Dept. 2.M.T.1.) TEWKESBURY ROAD, CHELTENHAM, GLOS. 
Tel. CHELTENHAM %6Mi Telex, 43354 
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EXeating Rods 
for 

EXisg ih 
Temperatures 


The high reputation of SILIT Heating Rods 

for Electric Furnaces is of many years’ standing. 

They are remarkable for their limited amount of “ageing” 

which is amply covered by a voltage reserve 

of only 40% for temperatures up to 1500°C. 

A salient feature of the SILIT Heating Rods is that butt joints 
between the glowing portion and the connecting ends are avoided. 
The thickened ends are formed by tightly fitting sleeves 

made of the same material as the rods. 


A wide range of Silit Rods of equal diameter throughout 
can also be supplied, diameters ranging from },"-1}". 


Siemens-Schuckert 
(Great Britain) 
Ltd 






Dept. $97 
FARADAY WORKS - GREAT WEST ROAD - BRENTFORD - MIDDX. 
Tel: SLeworth 23// Grams: Siemensdyn - Brentford 
BIRMINGHAM: Tel. Midland 2082 CARDIFF GLASGOW: Tel. Central 2635 


MANCHESTER: Tel. Altrincham 5291 - NEWCASTLE: Tel. Wallsend 68301 » SHEFFIELD: Tel. 61564 
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Induction Melting 


Furnaces 


G.W.B. 


FOR ALL THAT IS 
BEST IN ELECTRIC 
MELTING AND 
SMELTING FURNACES 


G.W.B. FURNACES LIMITED 


P.O. BOX 4 DIBDALE WORKS 


ASSOCIATED WITH GIBBONS BROS. LTO. & WILD-BARFIELD ELECTRIC FURNACES LTO. 


1959 


september 


designs 





now available for 
British built furnaces 


The long experience of Demag-Elektrometallurgie 
G.m.b.H., Duisburg, Germany, in the design and 
manufacture of Induction Melting Furnaces, of 
which they were pioneers, has now been made 
available to G.W.B. Furnaces Limited. This 
experience extends from Mains Frequency 
Channel Type Furnaces to Crucible Type 
Induction Melting units for mains frequency 

or motor alternator operation covering the 
melting of steels, irons, light metals, copper and 
copper alloys and zinc. The wide range of 

designs incorporating improvements developed 

over many years, ensures that the most suitable 

type can be selected for a particular charge 

or production programme. 

The electric induction method can solve your 

melting problem, and G.W.B. can advise you | 


in your choice of the correct induction furnace 


1. 3 Ton Demag Mains Frequency Crucible Type Ir 
Melting Furnace 


2. Three Demag Mains Frequency Channel Type 
each holding 25 tons of zinc 

3. Three Demag 3 cwt. Mains Frequency Ind 
furnaces melting copper alloys 





DUDLEY WoOaRcs Telephone : Dudley 55455 
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A junction chamber 
on an early 3-phase 


Bg H | Ss distribution system ? 
The roof of 
, — a reheat furnace ? 
SB 8 8 
A new kind of 
resilient foundation : at 


for a press? 


Number two is the right answer. It is part of the monolithic roof of a reheat furnace at the 
Margam works of the Steel Company of Wales, immediately before the refractory was placed. 
The special anchor bricks hanging from the R.S.J’s are secured by heat-resisting clips and will 
provide support through the full thickness of the refractory lining. 

This roof was cast in “TRI-MOR” High Temperature Castable. It is a good example of the 
type of furnace lining which “TRI-MOR” refractories and Morgan’s whole-hearted belief in 
monolithic structures have made possible. 


if 


Some of the most useful of the “TRI-MOR” refractories are:— ||| INUIT SE 


TRI-MOR Standard Castable 
TRI-MOR High Strength Castable 
TRI-MOR High Temperature Castable 
TRI-MOR High Temperature Mouldable 
TRI-MOR Dense ‘ Guncrete’ 
TRI-MOR Insulating Castable 
TRI-MOR Insulating ‘Guncrete’ 


MORGAN 


efrac celaiah we anae 





HUNUOOUUUUULUAAALUNUUUOUUEAAAULUUUUUU THAN 
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MORGAN REFRACTORIES LTD, 


NESTON, WIRRAL, CHESHIRE. TELEPHONE: NESTON 1406 5] UANIUUTAUUVOCVQO4J0ON0)0U0100000005004400000000002000000U00U0gUOUUE ASOLO 
NE/149/A 


2] 


A 








metal treatment 8 september, 1959 
and Drop Forging 


Heat treatment furnaces 
with special features 


‘“Fulload” 


furnaces 





Photo by courtesy of 


offer Messrs. Lloyds (Burton) Limited 
we ” * 


Maximum efficiency with minimum fuel consumptior 


unique exhaust flue arrangement in the bogie heart res 
speedy heating of the load, constant temperat the 
furnace and the elimination of cold areas in the h« one. 
We supply furnaces for all purposes and all fuels, type 


or continuous. 
For furth2r particulars 
ask for leoflet 47. 


MODERN FURNACES INDUSTRIAL 
and STOVES LIMITED Beenie 


BOOTH STREET, BIRMINGHAM 21, = phone: SMEthwick 1591-2 grams: Mofustolim, B'ham 21 
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For accurate forgings with high production... 
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shows one of 
the latest 6” 





._ lke LAMBERTON 


HORIZONTAL FORGING and 
¢ 
UPSETTING MACHINES 


Automatic feeder can be 
provided as special attachment. 


EUMUCO (ENGLAND) LTD 





26 FITZROY SQUARE, LONDON, W.7 Telephone: Euston 4651 
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FORGE ANEAD 


with PEART 


INDUCTION 
HEATING 
a 


* Reduced labour costs 
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* Scale free heating— 
longer die life 





* Immediate start-up— 
shut down 


* Clean working conditions 


* Absolute control over 1! 
heat input to the work 


Peart applications engineers 





pleased to carry out tests or 
materials, without obligation. M 


be of Service ? 


20Kw twin station automatic 


billet heater. 





INDUCTION HEATING 


&. PEART & CO. (ELECTRONICS) LTD., ONWARD WORKS, MANCHESTER ROAD, HYDE, CHESHIRE 
Tel: Hyde 3545 (4 lines) 
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Reverse image attachment copy mills both 


left- and right-hand die halves at the same time 
AUTOMATIC from the same model. Copying is accurate 


to within .002’, fully automatic and needs no 


HYDROCGOPYING supervision. 360° profiles can be produced 


without using a rotating table and feed 


DIE-SINKING is constant—and on vertical contours up to 90°. 
Light feeler pressure permits the use of 


MAGHINE KA 200 wooden or plaster models. 


Write for 
technical 
brochure 
MT/172 


Standard table sizes up to 924" x 254". 
One, two, four or six spindles. 


A two-spindie machine is available 
for immediate delivery. 


SOLE U.K. DISTRIBUTORS: 









DOWDING & DOLL LTD 


344 KENSINGTON HIGH STREET, LONDON, W.14 


Telephone: WESTERN 8077 (8 limes) Telegrems ; ACCURATOOL HAMMER LONDON 
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150 Brosius Manipulators now 
throughout the world carry out 
the manipulation necessary durir 
forging, saving manpower and time 
The smallest Manipulator 

handle pieces up to 2,000 Ib 
weight. A wide range of designs 
available, the maximum being 
suitable for pieces up to 20,000 


in weight 


. STREET - MIDDLESBROUGH 
> TORONTO - SYDNEY - 


2 : 
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High output 
Poze 
Bright Annealing Furnaces 





When order book and balance sheet 
demand more output of strip or wire 
without increase of floor space, the 
answer can often be found in Efco 
annealing furnaces 

The pit-pot type give a high output 
for a given area. A typical output 
from five furnaces with a charge 
weight of 2 tons is 75 cwt. per hour 

Efco can plan an installation to 
meet any requirements. May we send 


you our wire and strip furnace 
Furnaces for the Wire industry 


ANNEALING PATENTING ROD BAKING 


catalogue? 





SALT BATHS SECONDARY HEAT TREATMENT 


ELECTRIC RESISTANCE FURNACE CO. LTD., NETHERBY, Ql EENS ROAD, WEYBRIDGE, SURREY 
Telephone: Weybridge 389! Associated with Electro-Chemicail Engineering Co. ‘td 
NRP/R 3039 





ETHER TRANSITROL 
INDICATING 
TEMPERATURE-CONTROLLERS 


TYPE 990: 
TYPE 991: 
TYPE 992: 
TYPE 993: 
TYPE 994: 
TYPE 995: 


Two-position (on/off) Controller 
Anticipatory Controller 
Proportioning (stepless) Controller 
Three-position Controller 
Programme Controller 


Proportioning (plus reset) Controller 
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Superfast cooling for cycle annealing 


makes this cycle annealer one of the most versatile heat treat 


units in the country. It anneals, cycle anneals, and normalizes gear forgings of different 


size, shape, and alloy at the net rate of 1,250 Ib. per hour, or better. 

Such exceptional versatility is achieved by a superfast cooling zone. Really a full 
convection furnace within a direct-fired furnace, this zone is isolated by refractory doors. 
It can be used or by-passed, de- 
pending on which of many cycles 





the customer wants. As a re- 
sult, the customer can heat 
treat as many as 13 different 
alloys in this one furnace. 
Adding to the flexibility of 
the furnace is a modular tray 
design. Each module is an 
18 « 20-inch chrome alloy cast- 
ing. Modules can be combined 
to hold any size of work up to 
800 Ib. They are also used to 
carry work outside the furnace. 


BRITISH FURNACES LTD. 


CHESTERFIELD 
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furnaces for stress relieving 


INCANDESCENT have wide experience in building 
bogie hearth furnaces for many processes—stress relieving, 
annealing, heat treatment of forgings, mill 

rolls, etc. The furnace illustrated is installed at the 

works of Whessoe Ltd., Darlington, manufacturers of 


pressure vessels and chemical plant. 


ILO VU ATH A i 


THE INCANDESCENT HEAT CO. LTD. - SMETHWICK - ENGLAND 


12/13/59 
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GO 
GIBBONS 


Choose your 
Refractory Cements 
as carefully 

as you choose 


your bricks 














— they both have the 


same job to do 


The composition of all Gibbons 
Refractory Cements has been 
evolved by careful investigation, 
both in the Laboratory and in 
Works trials. Their preparation 
is under careful control and 
supervision, and their quality is 
frequently checked both in our 
own and independent laboratories. 








REFRACTORY CEMENTS 


Refractory and Insulating Refractory Concretes - Firebrick and Insulating Firebrick Aggregates 
Gibbons (Dudley) Ltd., Dibdale Works, Dudley, Worcs. 





M-w.129 
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INDUCTION 
HEATERS 


—Cco m bined 
ratings exceed 
30,000 kW 


BIRLEFCO 





SM/BE4412 
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CONTENTS 


This journal is devoted to metals—ferrous and non-ferrous—their 
manufacture, properties, heat treatment, manipulation, testing and 
protection, with research work and development in all these fields 


Rockets and Research 
Japan’s forging industry 


Application of electron microscopy: Initial stages of 
fatigue phenomena in carbon steel] MIRKO KLESNIL and 


PREMYSL RYS 


Zirconium 

Although once considered a rare metal, zirconium is more abundant 
than many common metals and its use in the atomic industry brings 
it within commercial possibility 


Beryllium‘copper: Part 1 Working, machining and joining 
G. FITZGERALD LEE, F.R.ECON.S., M.1.E.1., A.R.AE.S. 


Hot working of alloy steels: Part 2 Essential factors for 
ductility A. GUEUSSIER and R. CASTRO 


Metals research at the NPL 
Current research in metallurgy described at the National Physical 
Laboratory, Teddington 


Production of slugs and forging blanks: Automatic 


‘ displacement ’ diecasting method 


Embrittlement of solid metals in a liquid metal 

W. A. MORGAN 

A review of the published work on the embrittlement of solid metals 
by lower melting-point liquid metals and a discussion on some of the 
theories for this type of failure 


342 Books 


News 344 New plant 
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For Temperature Measurement and Confrol 


the |(>KH>) INDICATING CONTROLLER MARK 4 


This advanced Indicating Controller incorporates extremely accurate measur- 
ing and control sections in a single compact case. It utilises a photo transistor 
and a moving coil micro-ammeter thus dispensing with the need for thermionic 
valves. Requiring less than 46 sq. in. of panel space, the unit has a calibrated 
indicating scale 8 in. long 


A complete range of instruments is available, which meets requirements over a 
wide field of process control applications, including models with 2-Position, 
Proportional and 3-Position action. A programme feature can | ited 


* No Thermionic Valves 

* Automatic Safety features for Plant Protection 

* Control Sensitivity: better than 0.1°, of F.S.D. 

* Calibrated Accuracy: within 1°, of F.S.D. 

* Overall accuracy in accordance with B.S. 1041/1943 
* Plug-in unit with automatic location 

* Panel space required: only 10) in. x 4} in. 

* Competitively priced 


- KELVIN HUGHES PYROMETRY INSTRUMEN 
Please write for Kelvin Hughes publications IND. 703, IND 1ENTS 


704 and IND. 705 which cover 2-Position, Proportional and 


3- Position instruments tespectively and are available on request 


nclud 
Single and Multipoint Temperature Indicators 
Portable Pyrometers and Multiline Recorders 


KELVIN HUGHES | srrcissists is inoustriat measurement 


KELVIN & HUGHES (INDUSTRIAL) LTD. KELVIN MOUSE, WEMBLEY PARK, WEMBLEY, MIDDLESEX » 60-72 KELVIN AVENUE, HILLINGTON, GLASGOW, SW2 


"Ga tues 


metal treatment 
and Drop Forging 


959 september, 1959 303 








Rockets and research 


> ] = spectacular success of the Russian moon rocket brings up once again the 

vexed question of how much of a country’s total research capacity may safely be 

diverted to performing feats of national prestige. This is not, of course, to under- 
estimate the value of such achievements for providing data which enable us to build up 
a more comprehensive picture of the solar system in which we live. In spite of fatuous 
remarks by some public figures, the ‘ conquest of space’ appeals to the romantic in 
most of us, and much of the early pioneer rocket work was carried out by men who were 
directly inspired by such a romantic attitude. s Nevertheless, it is quite certain that the 
colossal sums demanded by this type of project today would not be forthcoming solely 
for the purpose of increasing scientific knowledge and, whilst the propaganda stimulus is 
understandable, it is as well to consider this ‘ luxury’ in relation to the total research 
effort of the countries concerned. 


When we consider research in the U.K. in relation to research in America and Russia 
we come up against the obstacle of correlating figures based on quite different types of 
organization and any comparison can only be very approximate. However, some general 
figures may give a rough picture of the differences. In the U.K., the total number of 
qualified scientists in 1956 was 140,000, of whom 47,000 were engaged in research. Of 
this 47,000 more than half were employed on Government work or on Government- 
sponsored research. In the U.S., in 1954, there were 750,000 qualified scientists, of 
whom 157,000 were doing research. Only one-third of the research men were on 
Government work. When we turn to Russia, we are hampered by the difficulty of 
obtaining facts, but according to J. H. Hollomon in Metal Progress, 1959, 120, it seems 
possible that there were, in 1954, 700,000 scientists in Russia, of whom 100,000 were 
engaged in research and development. Moreover, it must be noted that the rate of 
training is increasing more rapidly in Russia than anywhere else, and in 1954 the number 
of scientists who completed training was 70,000 as compared with 36,000 in the U.S. 
and 11,000 in the U.K. 


It is obvious that the relative sizes of population of the different countries determines 
that the research capacity of the U.K. is considerably less in total, but this does not 
alter the fact that only a small proportion is left for the industrial research on which the 
life of this country depends. Research projects do not diminish their demands on money 
and trained personnel in relation to the size of the population of the country in which 
they happen to be carried out. It is true that many industrial developments have resulted 
from research initially carried out on a Government programme, but in the field of 
metallurgy, for example, it is newer metals which have been favoured and not processes 
which find daily use in the bulk of Britain’s industrial life. 


Foreign competition should show us that it is in our traditional industries where our 
research effort has to be applied if we are to maintain our place in the world. This 
aspect of research may be less glamorous, and have less propaganda value than moon 
rockets, but it is not only more vital to our standard of living but is also within our 
economic possibilities. It will be a sad outlook for this country’s future if we allow more 
of our already strained resources to be committed to keeping up with the propaganda race. 
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Fapan’s forging industry 


ACCORDING TO the report ‘Japan’s iron and steel 
industry, 1959,’ published by the Tokyo Foreign 
Service, Japan has 33 steel-forging companies with 
36 works which are forging their own manufactured 
steel. There are also some 300 other forging works 
which manufacture steel forgings from materials 
purchased from other steel makers. The annual 
forging capacity is about 250,000 metric tons for 
each type of works. Forged steel has, like cast 
steel, a wide utilization. It is mostly used for parts 
for vessels, rolling stock, and machines. Shapes 
and kinds are numerous. Forged steel is used 
preferably for parts which require high physical, 


TABLE I Output of forged steel and consumption by 
industries in Japan 
Works which forge their own steel 
(In metric tons as-forged) 











Fiscal 1957 1958 
(Apr.-Sept.) 
Consumption SO 
Output % | Output ‘ 
Ship and marine ie 63,988 34 , 14,092 22 
Railways ‘a es 33,694 18 | 14,520 23 
Rolling mill and steel 
plant a ~ 33,484 18 | 11,549 18 
General industria! ma- 
chinery ‘on 7 19,894 10 7,292 12 
Electrical machinery ys 
and equipment... 15,467 8 4,567 7 
Automobiles .. ; 8,352 a 3,389 6 
Chemical industry 
equipment .. - 6,497 3 1,723 3 
Others. . - si 9,003 5 5,579 9 
Total .. aa - 190,379 | 100 | 61,611 | 100 





Taste 11 Output of forged steel and consumption by 
industries 
Works which forge steel bought from other companies 
(In metric tons as-forged) 














Fiscal 1957 1958 
(Apr.-Sept.) 
Consumption OO 
Output Output 
Automobiles and bi- 

‘caus ; na 50,461 29 22,854 30 
Machines ee 44,146 25 18,067 24 
Ship and marine : 26,838 15 9,465 13 
Road and building con 

eo at - 9,245 5 —_ 7 

lways oh 7 15,390 9 700 6 
wg oe ‘ 28,771 17 15,270 20 
Total .. - “a 174,851 100 75,403 100 








Taste III Principal forging equipment 








Equipment Number 
of stands 
Forging press: 

er 5,000 tons capacity .. ea — 5 
1,000—5,000 tons capacity oe a 42 
Below 1,000 tons capacity as x 48 
Air-drop hammer .. - ; - 193 
Steam-drop hammer. . - a i 66 
Board-drop hammer . . ‘a - “<a 17 
Forging roll .. ~~ a Re - 2 
Forging machine... ie ie ¥ 3 
Forging manipulator. . ‘ ie - 11 





and chemical properties of high precision as well 
as for simple articles required in mass quantity. 

Output of forged steel and its consumption by 
industries are shown in Tables I and II covering 
fiscal 1957 and the first half (April-September) of 
fiscal 1958: 

Principal equipment for steel forging as of 
December, 1957, is shown in Table III: 

These figures are from the forging companies 
which forge their own manufactured steel. The 
equipments of other forging companies (forge steel 
which is bought outside the company) are 577 
stands of board drop hammer, 322 stands of air drop 
hammer, and 261 stands of other hammers, 18 
stands of forging machines and six stands of forging 
rolls. 

The forging equipment was modernized in 1958 
by expanding heat-treating facilities, the use of 
modern auxiliary equipment for forging (manipula- 
tor, etc.), building of vacuum degasification 
machines and introduction of large-type machine 
tools. 

The vacuum degassing method is now applied to 
forging 60-ton steel ingots with satisfactory results. 
Application will be extended to 80- to 100-ton 
ingots. A joint technical tie-up between the makers 
and the German Bochumer Verein and Leybold 
Companies was done so that forging of such large 
ingots would be possible. 

This method has enabled makers to successfully 
turn out large-size ingots, especially fitted for 
shafts, electric power plants and shipbuilding as 
well as for large-size rolls of roll mills. 

Among the various kinds of forged-steel products 
finding their way to overseas markets are rolling- 
stock shafts, anticlippers, large-type steel tubes for 
power plants, forged-steel rolls for rolling operation, 
die blocks and different kinds of machine tools. 
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Application of electron microscopy 


Initial stages of fatigue in carbon steels 


MIRKO KLESNIL and PREMYSL RYS 


This article is the sixth of a series to illustrate the role of the electron microscope 


in various metallurgical investigations. 


The present work, which was reported in 


Hutnické Listy, 1958, (12), describes research on plastic deformation and fatigue 
in carbon steels carried out by the Laboratory for the Study of Metals, Brno. 


THE TERM, FATIGUE OF METALS, indicates a process 
which progresses gradually from the moment when 
the component of the structure is first subjected to 
the oscillating stress. In order to acquire a deeper 
knowledge of the course of this complex process, 
which is the prerequisite for better utilization of the 
material under fatigue loading, it is clearly essential 
to trace the fatigue phenomena from the initial 
stages of the application of stress. 

In the present work, which forms part of a re- 
search project of the Laboratory for the Study of 
the Properties of Metals, Brno, information is pre- 
sented on the development of plastic deformation 
and fatigue phenomena in carbon steels with a low 
and medium carbon content in the primary phases 
of the application of fluctuating stresses. 


Review of previous work 

The results of previous research work on the 
formation of fatigue failures of the cohesion of 
metals and alloys show agreement that these pro- 
cesses have their origin in the plastic deformation of 
the grains and of their boundaries. Likewise, there 
is no divergence of opinions on the expansion of 
fatigue cracks. At the end of the cracks which are 
formed in certain grains, high local stresses are set 
up by the notch effect, which leads to their expan- 
sion and, along the grain boundaries, to weakening 
of the load-carrying section and to ultimate break- 
down of the cohesion. Opinions on the real nature 
and the moment of formation of the primary sub- 
microscopic cracks, which represent the first phase 


of fatigue failure of materials, are up to the present 
time the subject of wide discussion. 

Gough,? Orowan* and Afanas’ev® maintain that 
local hardening of the material! leads to breakdown 
of the cohesion at the moment when the stress in 
the hardened zones has reached the limiting value, 
since the ability of the material to undergo further 
hardening is completely exhausted. Wood and 
Segall,’: * on the other hand, showed that in copper 
and alpha-brass hardening continues only up to a 
certain number of cycles. Thereafter increasing 
plastic deformation takes place without measurable 
hardening. 

Oding* maintains that the formation of the first 
submicroscopic breakdowns is based on diffusion 
and piling up of vacancies forming in the slip planes 
due to interaction between the dislocations. His 
opinions appear to be in conflict with the results of 
the work of McCammon and Rosenberg,’ who 
showed that fatigue phenomena of the same nature 
not only occur at normal temperatures, but also at 
4:2°K. From this the conclusion may be drawn 
that a thermally activated process such as the diffu- 
sion of vacancies may play a part at higher tempera- 
tures, but is not an essential part of the breakdown, 
and the phenomenon of fatigue of the material is not 
dependent upon it. 

Mott,’ on the basis of an experiment of Forsyth," 
who observed in aluminium and its alloys that the 
material was expelled in narrow strips from the slip 
bands, propounds the following mechanism for the 
formation of submicroscopic cracks. The expulsion 
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1 Shape and dimensions of fatigue-test specimens 


of the narrow strips of material and the formation 
of the submicroscopic cavities are brought about 
by the oscillating motion of the dislocation having 
a non-zero component of the ‘ Burgers’ vector in 
the direction of the normal to the surface of the 
specimen; under oscillating loads this dislocation 
will run between two slip planes which are associated 
with oblique slip. 

The theory of Cottrell and Hull* is similar; it 
also evades the question of the formation of cavities 
within the specimen, and explains the wrinkling of 
the surface by a slip in the two slip systems. Each 
cycle of applied stress produces elevations and 
depressions on the surface which are equal in height 
to the steps formed by the slip caused by the load 
factor which is equal to the stress. The depressions 
are, in the opinion of the authors, the first step 
towards the formation of the cracks. 

Fatigue processes have been investigated with the 
use of X-ray diffraction®: '°.'' and metallographic- 
ally®. "*."° for the most part on pure non-ferrous 
metals and their alloys. Noteworthy is the com- 
prehensive work of Méller and Hempel," who define 
the fatigue limit in low-carbon steel as the deforma- 
tion limit, at which there is a change from homo- 
geneous to inhomogeneous slip, leading to frag- 
mentation of the grains. They suggest that the 
formation of the cracks occurs on the ‘ French’ 
band; thus they attempt to give it physical expres- 
sion. Metallographic examination has shown that 
plastic deformation under oscillating loads is much 
more localized to distinct zones of the grain than 
under load from a static force, and that the degree 
of localization is dependent on the frequency of 
application of the load. Apart from this, the relief 
forming on the polished surface of a specimen is 
completely distinct in its formation from the relief 
under static loading. 


—® No OF CYCLES 
2 Wohler curves for steel containing 0-:09°,, C (bottom 
curve) and 0-4°,, C (top curve). Stress amplitude in 
kg. mm.* 


By means of the electron microscope it has been 
possible to obtain many more impressions of the 
structure of the zones of plastic deformation, the 
details of which lie outside the resolution powers of 
an optical microscope. Wewer and Hempel 
observed changes in the structure of the surface of 
low-carbon steel specimens with the use of un- 
shadowed replicas prepared from synthetic sub- 
stances. But for correct interpretation of the 
phenomena which are considered to be submicro- 
scopic cracks, their spatial representation is lacking. 
Observations of changes in the surface of specimens 
of aluminium and alpha-brass, subject to loading 
by fluctuating stresses, were published by Craig, 
Hunter and Fricke."*: '’ 

The primary microscopic cracks in the grains may 
be identified by the use of an optical microscope 
only by polishing the surface relief. Thompson,"* in 
a study of fatigue phenomena in copper, after 
polishing at the starting points of the slip bands 
discovered traces of those which are called ‘ per- 
sistent slip bands.’ Their depth after the application 
of stresses for 25°, of the total period of cyclic 
loading required to produce fracture already 
amounted to 30 microns. After further polishing 
no new persistent slip bands were discovered. 
Thompson’s persistent slip bands, as follows from 
the work hitherto carried out by us, may with the 
greatest probability be identified with the zones 
containing microcracks, which are formed in the 
grains of fatigue-stressed material even after a 
comparatively short period. 


Experimental details 

The specimens were prepared from carbon steels 
containing 0-09", and 0-4"., C, and their shape is 
shown in fig. 1. Before being subjected to the 
oscillating load they were heated for a period of 1 h. 
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at a temperature of 600°C. im vacuo to completely 
remove any internal stress which might have arisen 
during working. Cooling was carried out in the 
furnace over a period of 12 h. 

The fatigue experiments were conducted on a 
symmetrical load, repeated flexure apparatus de- 
signed at the Laboratory for the Study of the 
Properties of Metals in Brno, with a frequency of 
500 c. min., at normal temperature, without cooling 
the specimens. In order to determine the fatigue 
limit the number of cycles chosen was 10’; the 
Wohler curves for both types of steel are given in 
fig. 2. The fatigue limit of the steel with a0-09°,, C 
content is 19 kg. mm.” and of the steel with a 
0-4°,, C content + 25-5 kg. mm.” 

Our experiments consisted of the application of 
stresses to mechanically polished and chemically 
etched specimens, and of their metallographic 
examination at various phases of the application of 
the stress. In order to distinguish the structure of 
characteristic slip bands use was made of an electron 
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5 Optical micrograph of the slip bands in steel containing 
0-09°., C after 5 10° cycles at an oscillating load of 
21-5 kg..mm.* 800 
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microscope and two-stage carbon replicas, shadowed 
with gold and palladium. In the first place a 
primary collodion replica (fig. 3 (a)) was taken from 
the specimen, and a layer of carbon was applied 
in vacuo to the relief which had been so taken 
(fig. 3 (b)). After dissolving the collodion in amyl 
acetate, the carbon replica was shadowed either 
positively to determine the details on the level of 
the polished surface of the specimen (fig. 3 (c)), or 
negatively to determine the structure below the 
level of the surface of the specimen (fig. 3 (d)). The 
primary replicas were taken from the planes y—y 
(fig. 1). In figs. 9 to 12 the scale shown in the 
figures corresponds to a real length of 1 micron. 


Results of metallographic examination 

During fatigue loading, characteristic chan,cs in 
the structure occur after a certain number of cycles, 
which grows with the decrease in the amplitude of 
the fluctuating component of the stress. On the 
surface of a specimen which is intended for metal- 
lographic examination with an optical microscope, 
in certain grains we observe characteristic bands 
which are normally referred to as slip bands. These. 
bands are a manifestation of the oscillating plastic 
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4 Optical micrograph of the slip bands 11 steel containing 
0-4 C after 5 10° cycles at an oscillating load of 
25-5 kge.'mm.* 400 





6 Optical micrograph of the same area as in § after 2-5 
10* cycles at an oscillating load of 21-5 kg.mm.* 800 
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WOptical micrograph of the slip bands during static loading 
(s 30 kg. mm.* 1,000 


deformation and make their appearance first of all in 


the grains of ferrite, the orientation of the lattice of 


which is favourable to the advance of the stress 
which causes the plastic deformation (fig. 4). 

In the initial stage the slip bands are limited by 
the boundaries of the ferritic grains; during sub- 
sequent loading they may pass through them into 
the neighbouring grain, if this is favourably 
oriented. In the majority of instances the develop- 
ment of these slip bands is obstructed by the pearlitic 
grains in steel with a medium C content. During 
further loading, in some of the slip bands cracks 
appear which extend relatively easily within the 
ferritic matrix and even across the grain boundaries, 
but for the most part their passage is obstructed by 
the grains of pearlite which are present in the 
structure. For this reason the intensity of the 
plastic deformation at the fatigue limit in the ferritic 
grains increases with the rise in the carbon content, 
which has been confirmed by metallographic study 
and by X-ray diffraction.'* 

The initial stages of the formation of the slip 
bands and of the cracks forming within them were 
identical in both the steels examined. After a 
relatively small number of load cycles these slip 
bands are narrow (fig. 5); as the number of cycles 
increases for the most part they become markedly 
wider (fig. 6). The widening of the slip bands takes 
place only up to a certain number of cycles, and its 
extent varies in the individual, plastically deformed 
grains. Metallographic observation has shown that 
this process is completed at the moment when, as 
the submicroscopic cracks unite, a microscopic 
crack is formed of the same order of size as the 
dimensions of the grains. This fact, and likewise 
their different appearance by comparison with the 
appearance of the slip bands occurring during 
static loading (fig. 7), indicate that both the charac- 
teristic plastic deformation, as well as its manifesta- 
tion, i.e. the slip bands, are quite different under 
oscillating loads from those under static loads. 
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8 Optical micrograph of the slip bands of steel containing 


0-09°., C after 5 
21-5 kg.'mm.* 


10° cycles at an oscillating load of 
1,600 


Concerning the peculiar structure of the fatigue 
slip bands a metallographic photograph, even at 
high magnifications on an optical microscope, pro- 
vides no closer information (fig. 8). In order to 
obtain more exact information on the nature of these 
so-called slip bands, we conducted a detailed study 
of them by means of an electron microscope. On 
the unshadowed carbon replica (fig. 9 (a)) it may be 
seen that under oscillating loads a slip band is formed 
by an area with a basic plane of expelled material. 
The slip band, therefore, does not in this instance 
represent an area of the grain in which movement of 
one part towards another has taken place, such as 
occurs under static load. Carbon replicas, it is 
true, give sufficiently high contrast at a suitable 
angle of application, provided there is variation in 
the thickness of the carbon layer under observation, 
but for a more accurate interpretation, and especially 
in order to obtain an impression of the dimensions 
of these deformations it is advantageous to use 
shadowed carbon replicas. 

The further group of specimens (figs. 9 (b) to 
i0 (b)) were obtained from positively shadowed 
carbon replicas (see fig. 3 (c)). In fig. 9 (b) we see 
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9 Electron micrographs of the slip ban ts 1+ steel c mtaiung 0-4", C after 10° cycles at the fatigue limit of 25-5 kg. mm.* 
a) unshadow:d two-stagz carbon replica, (b), (c), (d), (e), (f) and (g) two-stage carbon replicas posiiively shadowed with gold 
and palladium, (a)—(d) show the course of slip bands in the ferritic matrix and (e) the relief formed by oscillating plastic 
deformation in two neighbouring ferritic grains with different orientations, (f) shows the transiticn from a zone cf fine plastic 
deformation to a clearly marked s'ip band with sub-microscopic breakdowns and (gz) an area of plastic deformaiion ending 
on the boundary of a ferriitc graw Scale sh wn lu approx. ~ 20,000 
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10 Electron micrographs of slip bands in steel containing 0-4", C after 10* load cycles at 6°., ab ve the fatigue limit (o 
27:0 kg. mm.* Two-stage carbon replicas, positively shadowed with gcld and palladium, showi: g zones of plastic defor- 
mation with sub-microscopic cracks 

11 Electron micrographs of slip bands in steel containing 0- 4°, C after 10° load cycles at the fatigue limit (s — 25-5 kg./mm.®). 
Two-stage carbon replicas, negatively shadowed with gold and palladium: (a) and (6) show slip bands with a s?rizs of sub- 
microscopic cracks castirg shadows; (c) a slip band with a crack running alongside a pearlitic grain; and (d) how the develop- 
ment of a slip band and of sub-microscopic cracks ts otstructed by a pearlitic grain. Scalz shown lu approx. 20,000 
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12 Micrographs of the surface relief of a cross-section of steel containing 0-09°., C after 2-5 
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12 (6 12 (« 


10° cycles at a load of 21-5 


kg.'mm.*. (a) the initial stage of the formation of microscopic cracks in the surface relief; (b) marked surface relief with 
cracks forming; (c) microcracks in an advanced stage of development 


the termination of a slip band in the ferritic matrix. 
No regular relationship between the course of the 
whole of the slip band and the detail of its relief is 
apparent, and in the light of a study of an appreciable 
number of slip bands, we established that this is 
true in the majority of instances. Exceptionally, the 
relief of slip bands has the appearance shown in 
fig. 9 (c), in which we see two distinct slip bands 
running side by side, which are made up of a collec- 
tion of fine elevations and depressions inclined at a 
constant angle to the course of the slip band. It is 
remarkable that two small ridges of this fine relief 
run from the left-hand slip band into the surround- 
ing unbroken surface of the ferritic matrix lying 
alongside the slip band. This phenomenon may 
probably be considered to be the initial stage of the 
further expansion which is reached as the number 
of cycles is increased, and which was shown in 
figs. 5 and 6. In fig. 9 (d) is shown a slip band, 
which to a certain extent has the same character, 
but which is running along close to the pearlitic 
grain; on the right of it lies a fine slip line which 
has clearly been brought to a halt by the same grain. 

In fig. 9 (e) we see a relatively fine relief extending 
over wide areas of two neighbouring ferritic grains. 
The varying orientation of the individual slip bands 
of the deformed area may be seen in both the 
ferritic grains. A similar area with a fine surface 
relief which gradually develops into a clearly de- 
fined slip band is shown in fig. 9 (f). In fig. 9 (g) 
we see a zone of plastic deformation which ends on 
the boundary of a ferritic grain; the surface of the 
neighbouring grain remains completely smooth, 
without any relief at all. In the zone of plastic 
deformation we observe clearly defined dark lines, 
lying in the shadowed areas, which show up as the 
lighter areas on the specimens shown. Similar, but 
in essence more clearly visible, lines are to be seen 
both in an area inside the relief caused by deforma- 
tion, and also along its boundaries in fig. 10 (a). In 
fig. 10 (b) a prominent dark line follows the boun- 


dary of the slip band. On both these specimens the 
dark lines lie in the shadowed areas, 1.e. at points 
which are situated relatively Jower than the sur- 
rounding parts of the relief. 

By the technique used hitherto for the preparation 
of replicas, it has been impossible to determine 
beyond doubt the true nature of the dark lines in 
the deformation reliefs which have been described 
above. It is indisputable that these dark lines 
represent points with a fundamentally greater 
thickness of the film of carbon in the path of the 
passage of the electrons. This thickening of the 
carbon replica along the path indicated may be 
brought about by the presence of surfaces lying at a 
fairly oblique angle or even at a right angle to the 
polished plane, as may be seen from the appearance 
of the cementite lamellae of the pearlitic grain in 
fig. 9 (d). 

The phenomenon may, however, be promoted by 
the presence of an extremely small crack, which is 
reproduced on the primary collodion replica. By the 
application of carbon to the vertical surfaces of this 
relief which were formed by the print of the crack, 
once again a much thicker layer is formed in the 
path of the passage of the electrons during the actual 
examination. From fig. 10 (a) and especially from 
fig. 10 (b) it is clear that the dark line represents a 
formation which does not lie on the surface of the 
relief because it does not cast a shadow. It may 
therefore be assumed that these dark lines represent 
submicroscopic cracks. In order to confirm this 
opinion we made use of negatively shadowed carbon 
replicas (fig. 3 (d)). If the dark lines are sub- 
microscopic cracks, then by this latter technique for 
the preparation of the specimens they must cast a 
shadow. This fact is clearly confirmed by fig. 11 (a) 
and by fig. 11 (b) at a higher magnification. In 
fig. 11 (c) we see a relatively distinct microscopic 
crack which runs in close proximity to the pearlitic 
grain along its boundaries. In this instance also the 
shadow cast by the crack is clear evidence. 
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In fig. 11 (d) the pearlitic grain halts the advance 
of the plastic deformation and, therefore, the expan- 
sion of the slip band also. One of the cracks of this 
deformation relief ends in a cementite lamella of the 
pearlitic grain. 

It follows from the study which was carried out 
on the electron microscope by means of two different 
methods of shadowing the replicas, that the slip 
bands which are formed during the application of 
oscillating loads to carbon steel are zones of deforma- 
tion relief with a very reticulated surface of alternat- 
ing elevations and depressions, for the most part 
without any clearly defined mutual relationship in 
their orientation. At certain points of this relief, 
breakdown of the cohesion of the ferrite occurs, and 
submicroscopic cracks are also formed. 

In order to verify this concept we prepared a 
metallographic specimen of a cross-section. In 
order that the surface of the steel which had been 
stressed should remain unbroken after the prepara- 
tion of the polished specimen, a thin layer of copper 
was deposited galvanically. The polished specimens 
prepared in this way were investigated at high 
magnifications on an optical microscope. 

In fig. 12 (a) is visible a very slight relief with a 
few microscopic cracks in their initial stages. An 
area of more distinct relief may be seen in fig. 12 (b) 
on the side of which initial cracks are forming. 
Another small crack, the development of which has 
advanced considerably, and which extends to a 
fairly considerable depth, is visible in fig. 12 (c). 
Cracks of these dimensions can no longer be in- 
vestigated by means of an electron microscope, since 
the primary replica is largely distorted when it is 
being separated from the specimen and so an 
artefact is produced. 


Analysis of results 

Investigation of the relief forming on the surface 
of specimens during plastic deformation under 
oscillating loads showed that the slip lines are 
composed of a series of elevations and depressions, 
which differ from one another in their dimensions. 
This reticulated relief is completely different from 
the appearance of plastic deformation under static 
loading, where movement of one part of the grain 
towards another takes place, and characteristic 
step structures are formed. The observations are 
compatible with the results of other work, apart 
from the fact that the surface phenomena of plastic 
deformation on certain pure, non-ferrous metals 
have a noticeably different character." 

During further application of the oscillating load 
the first submicroscopic cracks are formed in the 
zones of plastic deformation—this always occurs in 
the depressions. In the ensuing phase these sub- 
microscopic cracks are united as macroscopic cracks 
within the framework of a single grain. Their ex- 
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pansion into the material of the ferritic matrix takes 
place relatively easily, even although the grain 
boundaries restrict this expansion, especially if pre- 
cipitates are present. The pearlite which is present 
to a large extent obstructs their growth. This fact 
is in complete agreement with the increase in the 
fatigue limit of the steel in relation to the carbon 
content. 

On the basis of the observations, the entire fatigue 
process may be divided into three main stages: 
(a) The stage during which hardening of the ma- 
terial takes place; this is similar to the correspond- 
ing stage during static loading. This stage ends 
after a certain number of cycles, and its duration is 
dependent on the amplitude of the deformation; 
(b) the stage during which further hardening of the 
material is immeasurable (in this stage the slip bands 
which have formed expand, and the first sub- 
microscopic cracks occur within them); and (c) the 
stage during which one or more microscopic cracks 
extend from grain to grain, and in the ultimate 
phase this action leads to destruction of the cohesion 
of the material. 

By means of theories of dislocation it is possible 
to explain the hardening of metals which are sub- 
jected to fluctuating dislocations. At a given 
amplitude of the deformation increasingly higher 
external stresses are necessary for the formation of 
new dislocations, since at a given amplitude of the 
external stress the amplitude of the deformation 
falls.'.* From this it may be concluded that the 
number of fluctuating dislocations is reduced. 
During the experiments it was established that in 
this stage of application of the oscillating load, the 
relationship between the stress and the deformation 
represents a closed curve, so that during the course 
of a load cycle plastic deformation, proportional in 
extent to the width of the curve, takes place. This 
plastic deformation may be brought about by the 
residual dislocations which fluctuate in cycles under 
the influence of the external stress between those 
dislocations which became firmly established in the 
preceding stage. 

Metallographic observation shows that in the 
zones of plastic deformation submicroscopic cracks 
are formed on the surface of a specimen. It is 
difficult to suppose that the oscillating action of 
dislocation without hardening, :.e. the piling up of 
dislocation,'*® could be the cause of local breakdown 
of the cohesion of the material. But it should be 
taken into consideration that, on the surface of a 
specimen, oscillating plastic deformation brings 
about the formation of a relief which is formed of 
elevations and depressions. The depressions, 
especially, act as notches accompanied by localized 
increase in the stress. This localized plastic de- 
formation takes place in submicroscopic volumes of 
the material which are quite inconsiderable in 





metal treatment 


3 eptember, 1959 313 
959 @ *P 5 and Drop Ferging 
takes relation to the volume of the specimen which is was shown that submicroscopic cracks exist in the 
; / subject to stress. For this reason it is impossible zones of plastic deformation even after a period 
“ i ' that a localized increase in the stress can be regis- under load which is only one per cent of the time 
— tered by an increase ia the external stress at a given required for rupture of the specimen. It was found 
‘i amplitude of the deformation or by X-ray diffrac- that the pearlitic grains to a large extent obstruct the 
ie tion. In the notches the first crack is on formed, extension of the slip lines and of the microscopic 
soa which extends from the surface of the specimen, as cracks; this is completely compatible with the in- 
our observations have shown. creasing fatigue limit of stcel in relation to the 
igue It may be supposed that the majority of the time growth in the carbon content. This is evidence that 
ges: required for fatigue fracture is taken up by the the duration of fatigue process in the steels which 
ay expansion of the cracks and not their formation, as were studied consists predominantly of the develop- 
is shown by figs. 10 (a) and (b). In these s ens ment of breakdowns in the cohesion of the material 
»nd- 6s. . 
rou is recorded the state of the surface of the specimen and not of their actual formation. 
“ is after tens of thousands of cycles, i.e. after less than 
“tee 1°, of the total time required for rupture of the References 
“the specimen (see fig. 2). The fatigue crack is formed () H. J. Gough, A.S.T-M., 1933, No. 2, 3 
(2) E. Orowan, Proc. Roy. S Lond., 1939, (171), 79 
~~ as a direct result of the oscillating slip in the second (3) Ni “Afanas'ev. ‘Statistical Theory of Fatigue Resistance , 
ae period of the fatigue loading, which follows the first —_,._, ,Staticheskays tcoriya ustalosinoi prochnosti ), Kiev. 1952 
— Iding, wum on augue trength " 
pal stage after only a relatively small number of cycles. uber “Primudungutesugher }, Stockholm, 1955, Springer 
er 
be Under the conditions of fatigue loading described, «nF Mott, Acta Metallurgica, 1958, No. 3, 295. 
cracks are formed in the steels investigated on any (6) A. H. Cottrell and D. Hull, Proc. Roy. Soc., Lond., 1957, (242), 211. 
rate : wee f th This f (7) W._A. Wood and R. L. Segall, Ibid., 1953, (216), 332 
<8 given surface of the specimen. This fact was con- (s) F. P. Bullen, A. K. Head and W. A Wood + Abad.» 1953, (216), 332 
i lammon an I ( 
firmed by metallographic analysis of specimens (9; J. Gough and W. A. Wood, Ibid. 1956, (154), 51. 242), 203 
| which were gradually ground down. It was thus (1) H. ‘Moller and M. Hempel, Arch. "Blsewhatemee 954, 36 
- ° . (12) ewer, e . 95 2 
~~ established that by grinding away the surface layers (13) G. G. Smith, Proc Roy. ‘Sec. Lond, 1957, (242), 188. 
- : : : : : rsyt i (242), 98 
: of specimens at various phases of fatigue loading it 15; M Sheuapeeey } Philos’ Mas, 1956, 1. 2, 12 
en is possible to increase the number of cycles required (16) W } Craig, A.STMa, 1952, 82, 877. 
° ° unter an 3 rr > 
oo to rupture the specimen; this confirmed that (is)M jKlesnul, Research Report of' the Pam hey + the Study of 
the Properties o' (V ¥zk a la 
th rupture starts on the surface. svudinen viestnosti kova), 1958 unpublished). ae 
the The third stage of the fatigue fracture was not (19) N. F. Mott, J. phys. soc. Japan, 1955, 10, (8), 650. 
ion studied in detail in this work. It was, however, 
the established that the duration of this stage is de- ‘ AG er 
ed. pendent on the quantity of pearlite, the grains of Electron MICFOSCOPy (Fuly-August issue) 
in which obstruct the extension of many of the cracks hati 
the from one grain to another. conciuded from page 372 
ion References 
rse x (1) W. Tofi A. Sponh: dH 
in Conclusions a ee ee eee 
i (2) ewe ¢ Renner and A. Buttinghaus, Jbid., 1935-36, 9 
1S i j 
h In this work the sequence of fatigue phenomena (3) R. Pospidil, ‘ Corrosion and Heat-Resisting Steels ’ (Antikorosni 
€ was observed in materials which find extensive a a taruvzdorné oceli). '$.N.T.L.. Prague, 1956 
ler application in engineering practice, namely steels VEO ZVUL Pilsen, 1957, 70 Stornlkt preci 
. ene N00 40 . 5) A. L. Rickett er al., T A.S.M. 1952, 138 
a with contents of 0-09°,, and 0-4%, C. In particu- {3} & & Nattenberg, “Mera Progress, 1951, 60. 64 
e lar, investigations were made of the phase of this 7) ee a ne Bag a 
process which is marked by plastic deformation gat — | et —— Aarne 
he without measurable hardening, and by the forma- {9} NF Lashko and M.D. Nesterov, lev’ AWN. S.S.S.R., ser. fiz 
ks tion of the first submicroscopic breakdowns of the 1 185k: (OT BLA 
is cohesion of the material. 1951, 43, 497 See er eee 
. ° . 2) WwW 
o The technique which was used for the production {13} Kets am Tetra St ini 1930, a 
o . . *_* (14) f T he 
of the two-stage carbon replicas with positive and Pe any Ds FP er gs emapering on the ye Ray 
vn negative shadowing, made it possible to distinguish ns inverkan pa strukturen og egenskaperna hos hardat 13 
De details of the relief lying not only on, but also «s)J etek, Hurmiche! Listy, 058, Xiit, 213; . Nicich maa ye” Saf 
a , ; Hutmcké Listy, 1958, XIII, 
below, the level of the surface of the specimen (46) -7"Koot, Arch Gisonbiicsommes” $941, 98, 77 
Bs under observation. (17) 1. Pearson and | J cu Ende, J. iron St Inst., 1953, 175, 52. 
* { ) . ac am, , . 
of It was established that the breakdown of the (19) I Ke Andrews, /bid., 1956, 184, 414 
. cohesion of the material takes place exclusively on £31) V. Cohal saad fread ona} Petey Hsnicht Lio, 1090, oe 
its surface, probably as a consequence of the con- Resistant Steels of the 18/8 Type, Stabilised with Titanium 
"i m . ~ Problems and Prospects of Our Metallurgical and Foundry 
f centration of stresses in areas which are located at Industries ' (Problemy a vyhledy naéeho hutnictvi a slévaren- 
. : , . stv 1956, 104 
the lowest points in relation to the surface relief. It (22) j. Koutsky, Candidate's Treatise, V$B, 1958 








meta! treatment 
and Drop Forging 


Zirconium 


314 





september, 1959 


Although zircom:um was once considered a rare metal it is in fact more abundant 


than many common metals, but its use has been restricted up to now by its cost. 


The demands of the atomic industry have in this case, as with so many other costly 


materials, brought the use of zirconium within commercial possibility and it may 


be useful to become familiar with the properties of material. 


This article, based 


on a review in * La Métallurgie,’ January, 1959, ts the seventh of a series on the 


new metals appearing in ‘ Metal Treatment ’ 


ZIRCONIUM was discovered in 1789 by the German 
chemist, Klaproth, but he and other chemists were 
not able to isolate the metal. This was the work of 
two Dutch chemists in 1914, Lely and Hambruger, 
who produced a small quantity of impure metal in 
the laboratory. The pure metal was produced in 
1925 by two other Dutch chemists, Van Arkel and 
De Boer, using the method known as the iodide 
process. This method was long and costly and was 
not adaptable for large-scale production but it was 
the only method used commercially up to 1947, 
when Dr. W. J. Kroll adapted his process for the 
reduction of titanium-magnesium to the production 
of zirconium. 

Formerly classified as a rare metal, zirconium is, 
in fact, as abundant in the earth’s crust as is 
chromium and consequently comes, in this respect, 
above many of the common metals including copper, 
lead, zinc and nickel. Hafnium is always in associa- 
tion with zirconium, the principal source of which is 
zircon, and to a lesser degree baddeleyite, an oxide 
of zirconium. 


Mining the ore 

Commercial concentrations of zircon are almost 
exclusively found in beach sands, from which it is 
extracted as a co-product of ilmenite, rutile and 
monazite. A small amount is produced from treat- 
ment of pegmatite. Baddeleyite is likewise present 
in river gravels and beach sands, the only com- 
mercial deposits being found in Brazil. 

Although zirconium ore is found in at least 15 
different countries, the six principal producing 


countries are the United States, Japan, Australia, 
Brazil, French West Africa and India. 

Speaking generally, world reserves of zirconium 
ore are immense, and in the U.S.A. itself they are 
estimated to be between 5 and 15 million tons. They 
are considered to be larger than any foreseeable 
demand over the next 100 years. Existing reserves 
in India are moderately estimated at 5 million tons 
and those in Brazil, baddeleyite, at 2 million tons. 

The cost of mining zircon and baddeleyite is low 
as compared with that of transporting and selling 
the ore. These are the main factors which stand in 
the way of the development of a number of deposits 
in distant locations, although these deposits are as 
rich and even richer than those which are actually 
being exploited. 

In the U.S.A. beach sands are usually mined by 
suction dredgers, Humphrey spiral pumps, and 
magnetic and electrostatic separators. Practically 
the same methods are used in Australia, where the 
subsoil, with a thickness going to as much as 10 
metres (33 ft.), is removed by bulldozers or mechani- 
cal shovels. The black sand thus uncovered is the 
selectively extracted, either with hand shovels or 
mechanically with suitable equipment. At least 
two companies are working there with dredgers. 
Heavy ore concentrates are obtained by gravity 
separation methods by using vibrating tables and 
Humphrey spirals. Zircon Rutile Ltd. extract a 


high zircon content ore by flotation but other firms 
dry the whole of the concentrate and obtain a sale- 
able product by electrostatic and electromagnetic 
In India extraction is chiefly by hand. 


methods. 
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Treatment in the mill consists of sieving, followed 
by passing over wind-tables and magnetic separators. 


Prospects 

The outlook for zirconium is undoubtedly very 
bright. The main problem which has prevented the 
establishment up to now of a flourishing zirconium 
industry has been the impossibility of making 
reductions in production costs of the pure metal. 
When the U.S. Bureau of Mines began producing 
the metal in 1945, by the iodide process in their 
laboratory at Albany (Oregon), the metal was avail- 
able only in small amounts at the price of $70 Ib. 
There is still an outlet for exceptionally pure metal 
at this price for highly specialized requirements in 
electronics and dental prosthesis. 

In 1953, private industry began to be interested 
and the Carborundum Metals Co. Inc., of Akron 
(Ohio), quickly developed commercial production, 
the largest in the world, of zirconium with a low 
hafnium content. Prices soon fell and the price of 
commercial zirconium in lots of 500 lb. and over 
dropped to $14-40 lb., while the ingot price of 
zirconium with a low hafnium content was reduced 
from a figure of $33 to one of $23-07 Ib. 

The American Atomic Energy Commission an- 
nounced that they had placed contracts for an 
annual supply of 1,000 tons of zirconium over a 
period of five years, at an average expenditure of 
$15 million a year, with three companies, namely, 
National Distillers Products Corporation; National 
Research Corporation; and Carborundum Metals 
Company. The three companies will offer the 
metal at about $6 to $7 Ib. The pilot plant at the 
U.S. Bureau of Mines at Oregon is in process of re- 
organization so as to give an annual production of 
about 135 tons. The three companies are each 
building new plants, with an initial capacity of 
750 tons, which is well above the quantity called for 
under their contracts, on the assumption that the 
excess capacity will be absorbed, when the time 
arrives, by commercial atomic plants and for 
industrial uses. 

In the U.K., zirconium has been produced for a 
number of years past by Murex Ltd., and this 
company has contracts for the sale of its output of 
zirconium from its enlarged pilot plant for the 
coming three years. 

The chief consumption of zirconium in the 
metallic state is at present in nuclear-energy projects, 
this being due to the excellent corrosion resistance 
of this metal and to the fact that it does not absorb 
the neutrons, necessary to maintain a chain reaction. 
The Atomic Energy Commission demands a zir- 
conium free from hafnium, as hafnium captures the 
neutrons. A very pure metal can be obtained by 
means of a modification of the Kroll process, or, 
alternatively, a spongy zirconium of fairly high 
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purity produced by this method can be refined by 
the Van Arkel iodide dissociation process so as to 
give a metal with an exceptionally high degree of 
purity. 

These are not the only qualities of this metal, 
which is almost as strong as steel but much lighter. 
It is chemically inert; a good heat conductor; its 
melting point is high, as is its specific weight. For 
this reason it is a particularly good refractory ma- 
terial. Zirconium-bearing refractories are specially 
useful in equipment for melting aluminium, as they 
are not wetted by molten aluminium. Moreover, 
zircon sands are superior to silica sands because they 
give quicker cooling, since they are better heat con- 
ductors. Zirconium, once it is stabilized, can with- 
stand temperatures of 2,535°C. and it is an excellent 
electricity conductor at temperatures above 1,500°C. 
These properties make it a good material for jet 
engine linings and for H.F. insulating inductors and 
resistance furnaces. 

The real obstacle which prevents zirconium being 
a redoubtable competitor in trade markets is its 
price. This is a serious handicap, but, when a 
not too expensive continuous process of producing 
this metal has been discovered, its exceptional 
properties of corrosion resistance will undoubtedly 
create a large outlet for it. 


Metallurgy of zirconium 

One of the most important chemical properties of 
zirconium is its sensitivity to the action of oxygen 
and nitrogen. It becomes extremely brittle if ex- 
posed to these two gases at high temperature. Less 
than 1°., of oxygen and nitrogen make the metal 
brittle and no de-oxidizing or denitriding agent has 
yet been produced industrially. 

Zirconium production presents very great diffi- 
culties. To produce a malleable metal, the Kroll 
process is being used, followed by the De Boer 
purifying process. 

The Kroll process can be summed up as being 
the action of magnesium on zirconium chloride 
followed by vacuum refining. The impure metal, 
subsequently treated with iodine, allows of an 
almost pure iodide being produced, which, by 
distillation im vacuo, results in the production of the 
pure metal (De Boer). 

In actual practice, zirconium chloride is obtained 
by the chlorination of a pure carbide, which 1s itself 
produced in an arc furnace with a graphite crucible 
23 in. thick. An electrode, 4 in. dia., supplies 
current at 80 V. 2,500 amp. Production is about 
250 kg. per heat and electricity consumption is 
12 kWh. per kilogram of carbide. Silicate added 
to the furnace reduces the silica to silicon monoxide. 
Chlorination of the carbide is much easier than that 
of the oxide and it is this which has led to the 
success of the Kroll process. Great difficulties have 
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recently been overcome in the production of pure 
metal by elimination of the chief impurity in 
zirconium, namely hafnium. 

Another difficulty in the use of the metal has 
been in the preparation of alloys by duplex melting. 
This preparation was at first done in graphite 
crucibles but is now carried out in special cooled 
furnaces, made of copper with tungsten electrode. 
The arc made in an argon atmosphere is obtained 
at 20 V. 400 amp. 

Zirconium, of which the surface has a very low 
figure of neutron absorption (0-0010), is a metal 
with good mechanical properties with good re- 
sistance to corrosion by most of the chemical agents. 


Zirconium alloys 

Table I gives the properties of zirconium-hafnium 
alloys, which are used in the atomic industry with 
a low hafnium content (less than 0-50°,,). Alloys of 
zirconium with titanium, aluminium, copper and 
tantalum are given in Tables II to V. 

Aluminium, tantalum, nickel and beryllium in- 
crease the resistance of zirconium alloys to oxida- 
tion. On the contrary, the alloy of zirconium with 
50°,, titanium already reacts at a temperature of 
750°C. Speaking more precisely, oxygen increases 
and nitrogen reduces the resistance of zirconium 
to oxidation. 

Zirconium alloys containing aluminium, tantalum 
and columbium (niobium) have been tested with a 
view to checking their resistance to oxidation under 
steam pressure at 315°C. Aluminium reduces the 
resistance to oxidation. On the contrary, tantalum 
and niobium have no appreciable effect on the re- 
sistance of zirconium to oxidation. 


Zirconium-beryllium alloys 

Difficulties in the use of zirconium alloys, par- 
ticularly the difficulty of melting it in an inert gas 
atmosphere, together with the troubles connected 
with the resistance of the known alloys to oxidation, 
have shown how important are the zirconium-beryl- 
lium alloys, which seem particularly suited for 
resisting oxidation. 

Moreover, both these metals offer excellent re- 
sistance to neutrons, which they absorb to a very 
small extent. This property, which is only surpassed 
by that of bismuth and lead, is the reason why these 
two metals are of considerable importance in the 
atomic industry, notably in the construction of 
nuclear reaction moderators. 

Finally, certain alloys based on beryllium have 
with low weight greater mechanical strength than 
aluminium, magnesium, titanium and stainless steel. 
Unfortunately, melting of both metals, zirconium 
and beryllium, necessitates certain special pre- 
cautions owing to the fact that an inert-gas atmo- 
sphere must be used. 
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TaBLe I Properties of zircontum-hafnium alloys 
‘Hf | Elastic | Max. El | Annealing) Anneal- 
limit strength tempera- | ing time 
% kg./mm.* | kg. mm.’ ture°C. | h 
0-10 18 32-3 1 925 1 
0-12 28-8 43-6 1-5 925 1 
0-16 17 29°5 14-5 900 2 
0-50 24 40:8 5 900 2 
2:34 12 25-1 26°5 700 16 
2-34 29°5 62-7 5 900 16 
2:88 16 28 19 900 2 
6-20 18-5 34-3 12 700 16 
8-20 19-5 35-4 3-57 925 1 
TaBLe II Properties of zircomium-titamum alloys 
Ti Elastic Max. EI Annealing 
limit strength tempera- 
kg. mm.’ | kg.'mm.* ture °C. 
3-2 29°5 60 17:3 700 
3-2 58-75 91 7:2 400 
15 52 64 1-5 
35 78 92 2:7 725 
35 68 96 5-0 
50 79 98 1-5 725 
50 62-6 91 1-0 
65 81 87-7 1-2 725 
65 79-5 91 0-5 
_ 8 55 71 1-0 900 
TABLE III Properties of zirconium-aluminium alloys 
Al Elastic Max. Elonga- | Annealing 
limit strength tion tempera- 
kg. mm.* | kg. 'mm.* ; ture “C. 
1 44 57 5-6 725 
2 66 78 3-3 725 
4 79-2 86 12 725 
1 51 70 8-7 as rolled 
1:5 70-4 91 8 — 
2 o4 79-5 0-5 700 : 
TaBLe IV Properties of zirconium-copper alloys 
Cu Elastic Max. Elonga- Annealing 
limit strength tion tempera- 
kg.mm.* | kg. mm.* ture “C. 
0-9 56 90 4 as rolled 
0-9 1] 33-8 17-7 700 
2-9 53 92 1:5 as rolled 
2-9 16 40 9 700 








TaBLe V_ Properties of zirconiun-tantalum alloys 














Ta Elastic Max. Elonga- | Annealing 
limit strength tion tempera- 
kg.mm.’? kg. mm.* ture “C. 
0-5 10 29-5 24 700 
l 10 30-5 19 700 
2: 25 45-8 17 725 
2:5 42 63-3 3 cold rolled 
3 15:5 38-5 15 700 
7°5 33-2 54 17-5 725 
7°5 42 67 3-5 
12:5 28-7 78:8 2-5 »\cold rolled 
17-5 65 97 0-8 | 
22:5 65-4 78:8 4 
27-5 70 75 3 7 as rolled 
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Beryllium copper 
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Part 1 Working, machining and joining 


G. FITZGERALD-LEE, F.R.Econ.S., M.1.E.1., A.R.Ag.S. 


Beryllium copper with its combination of good mechanical properties, electrical and 
thermal conductivity, and resistance to corrosion is a most useful alloy in such 


applications as springs and electrical contacts. 


The following article giving some 


of the general working properties will be concluded next month with a consideration 


of heat treatment procedures. 


BERYLLIUM COPPER, like most other alloys, is made 
by melting the constituent metals together in the 
required proportions and pouring into suitable 
moulds, which may be either of simple shapes to 
facilitate subsequent fabrication by, for example, 
rolling or drawing, or in the form of castings. 

Copper-beryllium master alloys, with about 
4°,, beryllium, are commercially available for 
addition to copper. Although about equal amounts 
of copper and master alloy are required for the 
making of beryllium copper, it is better to melt the 
copper first and to add the master alloy to it, allow- 
ing for a loss of about 0-1°, beryllium. Alter- 
natively there is a variety of proprietary composi- 
tions on the market in ingot form for the production 
of castings. A proportion of beryllium-copper 
scrap can also be incorporated with due discretion. 

Care should be taken to avoid the introduction 
of hydrogen during melting. Although molten 
beryllium copper is not particularly prone to absorb 
gas, cases have occurred in which wet or oily scrap, 
or the addition of damp charcoal, has led to un- 
sound castings. Charcoal is normally used during 
melting, but it should be dried and preferably 
added in the incandescent condition. 

Barium chloride is a suitable flux for dealing with 
small scrap or turnings. Fluxes like cryolite— 
which can react with beryllium—should be avoided; 
not only do they lead to loss of beryllium but they 
may also evolve fumes which, laden with beryllium 
compounds, are detrimental to health. 


Health precautions 

Certain compounds of beryllium, notably the 
oxide, are toxic and therefore detrimental to the 
health if inhaled or otherwise absorbed into the 


body. Accidents have occurred among operatives 
and others handling fluorescent electric lamps, 
some of which are coated internally with beryllium 
compounds but none has ever been reported in 
connection with the manufacture or use of beryllium 
copper. 

As a safety precaution, furnaces in which beryl- 
lium copper is melted should be hooded and 
provided with extractor fans, and adequate forced 
ventilation should be installed in the casting shops. 
The use of respirators is desirable in foundries and 
also when welding—especially if fluxes such as 
fluorides, which are likely to carry volatile beryllium 
compounds into the atmosphere—are used. 

Once the metal has solidified, however, it is 
perfectly harmless, and beryllium copper can be 
handled in press shops, machine shops and heat 
treatment plants with complete safety—except for 
the possible formation of oxide dust during high- 
temperature heat treatment. In subsequent use 
the metal is innocuous. 


Pouring and casting procedure 

In order to minimize the loss of beryllium in 
melting, the melt should not be overheated. For 
normal purposes a pouring temperature of about 
1,100°C. should not be exceeded, this being 
approximately 100°C. above the melting point of 
the alloy. 

Ingots and billets for subsequent fabrication are 
normally poured into cast-iron moulds, and oily 
mould dressings of the type used for brass and 
similar alloys give satisfactory results. The molten 
metal is very fluid and, provided that the melt is 
not gassy, it sinks well during solidification, neces- 
sitating adequate feeding. Care should be taken 
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not to expose too long a stream of molten metal 
to the air during pouring, in order to avoid oxidation 
with consequent loss of beryllium and the pos- 
sibility of entrapping dross in the casting. 

Moulding procedure for the production of sand 
castings is essentially the same as that for other 
copper-base alloys and the same sands and core 
materials can be used. Good permeability is 
advantageous and, to avoid hot tears, cores should 
not be too strong. The moisture in green sand 
moulds should be restricted and for large castings 
skin drying is desirable. The metal should enter 
the moulds as quietly as possible through a choke 
followed by a gently widening gate to slow down 
the stream. A skim riser to collect dross should be 
located behind the choke. Such precautions are 
recommended because beryllium tends to form a 
tenacious film of refractory oxide on the surface of 
the molten alloy—like aluminium. 

The pattern shrinkage allowance for beryllium 
copper is about the same as that for phosphor 
bronze or gunmetal and lies between about | in. 
and ¥ in. per linear foot. 

In addition to the normal sand-moulding tech- 
nique, beryllium copper castings can be produced 
by investment casting or shell moulding, investment 
casting being particularly suitable for small objects 
of intricate design where good surface finish and 
close dimensional tolerances are required. Semi- 
permanent moulds of the ceramic or gypsum type 
can also be used. 

In the production of dies and die inserts for 
plastics it is not unusual to apply pressure during 
solidification, by means of either compressed air 
or a steel die—‘hob’—inserted into the mould, in 
order to ensure the accurate reproduction of fine 
detail on the surface of the casting. 

Although a few successful experiments have 
been reported on the die casting of beryllium copper, 
this is still largely in process of development for 
production on a commercial scale. 


Hot working 


Beryllium copper can be extruded and hot forged 
or pressed at temperatures between about 570°C. 
and 810°C., preferably towards the upper limit of 
this range. On the subject of hot rolling, informa- 
tion is still scanty, although commercially-produced 
sheet and strip has been broken down hot. For 
optimum response to subsequent precipitation 
hardening, however, hot rolling and other hot 
working operations should be carried out at tem- 
peratures between 750°C. and 810°C., and the metal 
should be cooled quickly, preferably by quenching. 
Such advice may not always be practicable, in which 
case a solution heat treatment should be applied 
at the end of the hot-working schedule. 
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Cold working 


Cold-working processes are divided into two 
groups: those—like rolling and drawing—which 
are usually the responsibility of the manufacturer, 
and those—like press-forming operations—which 
are more the concern of the user. The same basic 
principles apply to both groups but they are con- 
sidered here mainly from the point of view of the 
user. 

Fig. 1 shows typical strain-hardening curves for 
annealed copper and several of its alloys, including 
normal beryllium copper in the solution-annealed 
condition, which lies wholly above its companions 
and shows a greater overall rise, indicating that 
beryllium copper is distinctly more difficult to 
deform than the others. It requires more power 
and more frequent annealing. Moreover, each 
anneal should, in theory, be carried out at the 
temperature of solution heat treatment, followed by 
quenching. This is not, however, mandatory for 
intermediate anneals, provided that the ready-to- 
finish anneal is so accomplished. 

With reference to fig. 1, the true strain at any 
particular instant during the reduction of a sectional 
area of original size Ay, is defined as the minute 
change of area, —dA, at the instant in question 
divided by the sectional area, A, from which the 
change takes place. The actual true strain, obtained 

-*) 
by integration, is therefore ln ——. 
A 
more fundamental in concept, true strains have the 
great advantage over percentage reductions of 
being directly additive. Thus, if A, represents an 
intermediate stage in the reduction between A, and 
Ay A, Ay 
+ In —— = In —-, 
A, A A 
clearly the correct answer. In contrast, an attempt 
to add the corresponding percentage reductions 
A,—A, A.—A 
leads to 100 ( - 
Ay A, 


Besides being 


A, then In 





which is 





) and not to the 


A,—A 
expected total reduction of 100 (————_-). 
Ay 
A true strain of about 0-4, corresponding to 
about 33°,, reduction in sectional area, is generally 
found to be practicable between anneals. This 


degree of deformation, usually effected by cold 
rolling or drawing, brings the material into the 
hard temper, while the half hard and quarter hard 
grades correspond to true strains of about 0-2 (18°, 
reduction) and 0-1 (10°, reduction) respectively. 
Since a total true strain of about 0-4 represents 
the practical limit of formability in each case, it is 
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1 Typical strain-hardening curves for 
copper, beryllium copper, and some 
. other copper alloys 
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PERCENTAGE REDUCTION 


apparent that the formabilities of the four com- 
mercial tempers can be assessed roughly as: 


Solution-annealed 0-4—0 0-4 
Quarter hard .. .. 0-4—0-1 0-3 
Half hard 0-4—0-2 0-2 
Hard 0:-4—0-4= 0 


These figures give a general indication of the rela- 
tive degrees to which normal beryllium copper in 
the different commercial tempers can be bent, deep 
drawn or otherwise formed into useful shapes. 
Their significance is emphasized by the fact that 
smooth curves are obtained when the Erichsen 
values in Table I are plotted against them. 


TasBLe I Typical Erichsen cupping-test results for normal 
beryllium copper prior to precipitation hardening 








Thickness Depth of cup in mm. 

of strip, Solution- 
in. annealed } hard 4 hard Hard 
0-01 9 6 5 4 
0-02 10-5 7°5 6-5 5 
0-03 11 8-5 7°5 6 
0-04 12 9-5 8 7 
0-05 12 9°5 8 7 
0:06 12:5 10 8-5 7:5 
0-07 12-5 10 8-5 7°5 


Low-beryllium copper behaves in much the 
same way and, for both types of alloy the fabricating 
qualities of the various tempers can be broadly 
described as: solution-annealed: for all applications 
involving severe deep drawing, bending or similar 
forming processes, may give slight burr on blank- 
ing; quarter hard: gives better spring properties 
and clearer blanking than solution-annealed mater- 
ial, and is almost as formable; half hard: good 
spring properties with formability about half that 
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of solution-annealed material, can be bent around 
moderate radii and has improved blanking charac- 
teristics; hard: gives maximum strength, hardness 
and spring properties for parts which require little 
or no forming, good blanking properties. 

Except in the form of finished products, normal 
beryllium copper is rarely supplied in the precipita- 
tion-hardened condition, for it is almost unworkable. 
In contrast, precipitation-hardened low-beryllium 
copper retains sufficient ductility to enable light 
forming operations to be carried out, and stock is 
sometimes supplied by manufacturers in the fully- 
hardened condition, thus eliminating the need for 
heat treatment by the purchaser. No great amount 
of deformation can be applied to such material, but 
in the manufacture of flat or moderately bent 
springs and similar articles, its use represents a 
considerable convenience. On the other hand, it 
is more likely to carry locked-up stresses which are 
undesirable—especially from the point of view of 
resistance to fatigue. 


Lubrication 


Because of the comparatively high forces required 
to deform beryllium copper, proper attention to 
lubrication is necessary in all cold-working 
processes. Moreover, it is essential to ensure 
scrupulous cleanliness, and in particular to avoid 
oxide films which are abrasive in character and 
lead to unnecessary wear on the tools. 

For light operations, a lubricant composed of 
soap and water is generally sufficient and has the 
advantage that it can easily be removed by washing. 
For severe deep drawing and similar purposes, 
however, it is desirable to use extreme pressure 
lubricants—although lard oil or a heavy soap paste 
with solid additions to promote film strength may 
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prove satisfactory. Lubricants containing appre- 
ciable quantities of sulphur tend to stain beryllium 
copper unless they are removed immediately after 
use, and in any case all lubricant should invariably 
be removed prior to heat treatment in order to 
avoid discoloration of the product. 

For severe operations, it is possible to plate the 
stock with cadmium, which not only protects the 
surface from atmospheric oxidation but also acts 
as a lubricant and helps to reduce wear by cushion- 
ing the contact between tool and work-piece. The 
cadmium must be removed before heat treatment. 


Punches and dies 

The choice of materials for punches and dies in 
forming or cutting processes depends mainly on the 
length of run required. Carbide tools are long last- 
ing whereas, in normal production, air-hardened 
steel can be used for moderately long runs or oil- 
hardened steel for shorter runs. Chromium-plated 
tools tend to reduce friction and chromium plating 
can be used to build up worn parts or to reinforce 
places at which wear is severe. With proper 
attention to cleanliness and lubrication, tool life for 
beryllium copper is about the same as for phosphor 
bronze, but much shorter than for brass. 

For blanking and piercing, the cold-worked 
grades of beryllium copper give sharper edges with 
less burr than material in the solution-annealed 
condition. For the cold-worked grades a clearance 
between punch and die from 5°,, to 10°, of the 
metal thickness is permissible, but for solution- 
annealed material the clearance should be held to a 
maximum of 6°,, of the metal thickness in order to 
minimize burr. 

When blanking, the face of the punch is usually 
flat, while the die may be ground at a slight angle 
to reduce the pressure required. On the other 
hand, when piercing a small shear angle may with 
advantage be given to the punch. A cut edge 
should not approach the edge of the strip more 
closely than a distance equal to the thickness of the 
metal. 


Deep drawing 

The practical limits for the deep drawing of 
cups from the four commercial tempers of beryl- 
lium copper are approximately: solution annealed: 
ratio of blank diameter to cup diameter, 1-5; ratio 
of cup depth to cup diameter, 0-3; quarter hard: 
blank to cup, 1-3; cup depth to diameter, 0-3; half 
hard: 1-2 and 0-1; hard: 1 and 0. These figures 
are no more than a rough guide and, with this 
reservation, are applicable to both normal and low 
beryllium copper. They refer to conditions in 
which there is no ironing—in which the thickness 
of the cup wall remains the same as that of the blank. 
Moreover, to achieve them it is essential to ensure 
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minimum friction by using smooth, well lubricated 
tools and no greater blankholder pressure than is 
necessary to prevent wrinkling. Such factors as 
metal thickness and radii on the punch and die may 
considerably modify the stated ratios. 

If more severe drawing is required, it may be 
necessary to introduce one or more solution anneals 
into the schedule, so spaced that the total reductions 
between anneals do not exceed the stated figures. 
The metal should be cleaned both before and after 
annealing to avoid the possible formation of charred 
lubricant and to remove oxide scale. The material 
so treated will, of course, be in the solution-annealed 
condition and must subsequently be handled as 
such, whatever its original temper. 

Solution-annealed and quarter-hard beryllium 
copper strip up to 0-04 in. in thickness can be bent 
through 90 deg. around a sharp radius without 
cracking. Nevertheless it is always desirable to use 
as generous a radius on the tool as design require- 
ments permit. In the case of the half-hard and hard 
grades the direction of the bend relative to that of 
rolling becomes an important factor and the figures 
in Table II are a guide to the minimum radii 
required. 


TABLE II Minimum radii for bends in half-hard and hard 
grades of beryllium copper strip 


Minimum radius 
in inches for 
stated thickness 

Thickness of of strip 


strip (inches 


0-01 0-02 0-03'0-04 











HALF-HARD: 
Axis of bend parallel to direc- 
tion of rolling 
Axis of bend perpendicular to 
direction of rolling 


0-03'0-09\0-12'0-15 


0-03\0-06)0-1 |0-13 





HARD: 
Axis of bend parallel to direc- 
tion of rolling ; ; 
Axis of bend perpendicular to 
direction of rolling 


| 
0-08/0-15)0-2 {0-25 


| 
0-05'0-0910-13'0-15 


Appreciable spring-back must be expected after 
bending beryllium copper and must be allowed for 
in designing tools. The degree of spring-back 
depends on a number of factors, including the 
severity of the bend and its direction relative to 
that of rolling, as well as the hardness and thickness 
of the strip. It can best be found by trial in any 
particular circumstances, but under normal condi- 
tions may amount from 5 deg. to 10 deg. 

Spring-back can often be reduced by applying 
a moderate degree of coining either in the original 
forming process or in a subsequent operation. Close 
tolerances can, however, always be held by the 
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expedient of jigging during the final heat treatment. 
This is particularly valuable in the manufacture of 
spiral or helical springs from either wire or strip, 
and in all cases where the preservation of dimen- 
sional accuracy and reproducibility of performance 
of springs is of importance. 

Cold hobbing is quite practicable with beryllium 
copper in the solution heat-treated condition. Tools 
must be robust and considerable power is necessary. 
Coining can be regarded as a comparatively mild 
form of hobbing, and the above remarks apply. It 
can be used in conjunction with other cold-forming 
processes and is, with some reservation, applicable 
to the work-hardened grades as well as to the solu- 
tion-annealed material. 

Although the above remarks refer more especially 
to the normal grade of beryllium copper the same 
principles are, in general, applicable to low-beryl- 
lium copper. This alloy is less hard and strong than 
the normal material and is consequently less exact- 
ing in the press shop. In the solution annealed or 
partially cold-worked condition its behaviour is 
comparable with that of phosphor bronze. Even 
in the precipitation-hardened condition low-beryl- 
lium copper retains sufficient ductility to enable 
light forming operations to be carried out—as 
previously mentioned. 


Machinability 

In the solution-annealed or partially cold-worked 
condition beryllium copper is comparable in 
machinability with other non-leaded copper-base 
alloys. The partially cold-worked grades are, on 
the whole, easier to machine than the solution heat- 
treated material, which tends to be ‘sticky’ and to 
drag under the tool. Tools of high-speed steel give 
satisfactory performance at moderate rates of 
cutting, but carbide-tipped tools can be used with 
advantage where rapidity of production is essential. 

In the precipitation-hardened condition the 
normal alloy is usually too hard for ordinary cutting 
operations, but adjustments of size can be achieved 
by grinding. Precipitation-hardened low-beryllium 
copper can, however, be cut with carbide or diamond 
tools if necessary, although it is preferably machined 
before the final heat treatment. 

Solution heat-treated stock is generally free from 
internal stress and is unlikely to distort during 
machining; this also applies to material in the 
precipitation hardened condition. Distortion due 
to internal stress is, in fact, only likely to arise in the 
case of the partially cold-worked grades. 

While no clear recommendations concerning 
stress-relief heat treatment are as yet available, it 
appears that this could be accomplished at a tem- 
perature below that at which precipitation harden- 
ing becomes appreciable. From half to one hour 
at about 250°C. is suggested for purposes of trial. 
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Beryllium copper is often covered with a thin 
film of hard oxide and it is consequently desirable 
that preliminary cuts should be deep enough to 
reach well beneath the original surface—the film 
may alternatively be removed by pickling. More- 
over, light cuts tend to work-harden the surface 
layers of beryllium copper, with consequent wear 
of tools. A depth of cut of at least 0-007 in. should 
be maintained wherever practicable. Rigid support 
of both work-piece and tool is essential and tool- 
holders should be robust. Owing to its lower 
modulus of elasticity, an unsupported beryllium 
copper rod will deflect more under a given tool 
pressure than a steel rod of the same size. 

A cutting fluid or lubricant should always be 
applied, an important function of which is to keep 
the metal cool. Without such precautions the surface 
layers may reach a temperature sufficient to cause 
partial precipitation hardening, with dire conse- 
quences to the life of the tool. Aqueous emulsions 
of the so-called ‘soluble’ oils have excellent cooling 
properties, while mineral and vegetable oils provide 
superior lubrication. In most cases the emulsions 
are to be preferred for beryllium copper. With 
either type of cutting fluid it must be remembered 
that the sulphur compounds which they often 
contain will stain beryllium copper if allowed to 
remain on the metal. Emulsions, unless removed 
with warm water, are apt to contract into droplets 
as they dry and, if sulphur is present, will lead to 
objectionable dark spots. 

In general, tool designs as well as cutting speeds 
and feeds should follow recommendations for 
copper alloys which are strong and tough with 
homogeneous structures but which lack speci- 
fically free-machining qualities. 


Joining processes 

Beryllium copper can be successfully joined by 
welding, brazing or soldering, but all joining 
processes which involve the application of heat must 
be considered in relation to two fundamental 
properties of beryllium copper: its susceptibility 
to precipitation hardening and the formation of a 
thin but tenacious film of beryllium oxide on the 
surface when heated. 

Welding should be carried out before the solution 
heat treatment, so that the whole of the product, 
including the weld zone, receives the same full heat 
treatment. Gas welding of beryllium copper is 
impracticable because of the rapid formation of 
beryllium oxide, which is difficult to remove by 
fluxing. 

The carbon-arc method, using coated filler rods of 
beryllium copper, aluminium bronze or silicon 
bronze, is satisfactory providing that the melting is 
rapid and the rate of welding high. No flux is 
required in view of the blanketing effect of the 
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carbon arc gases. Metal-arc welding with coated 
beryllium copper or coated aluminium bronze 
electrodes gives good results. Suitable fluxes 
include ordinary brazing fluxes with admixtures of 
sodium carbonate and potassium bifluoride, and 
boric acid containing sodium fluoride. Spot, butt 
and seam welds in beryllium copper can also be 
made by the resistance-welding process, and good 
welds are made by the argon-arc process, without 
flux. 

Brazing, and particularly silver soldering with 
alloys melting between 600° and 700°C., can be 
applied to beryllium copper, using the normal 
fluxes supplied with the solders. If, however, the 
surface is badly oxidized it should be cleaned 
mechanically before brazing, while solvent degreas- 
ing is recommended when specimens are heavily 
coated with grease. 

Brazing and silver soldering should be effected 
quickly and are necessarily restricted to material in 
the solution heat-treated condition, since the tem- 
perature involved would destroy the effects of 
previous precipitation hardening. It is, however, 
an advantage that brazed or silver soldered articles 
can subsequently be hardened and strengthened by 
heat treatment at relatively low temperatures— 
even though response to heat treatment in the 
vicinity of the joint may be somewhat impaired. 

Although the soft soldering of beryllium copper 
presents little difficulty, certain precautions are 
necessary if consistently good joints are to be 
obtained. It is of primary importance that the 
surfaces to be soldered should be free from beryllium 
oxide. 

Since soft soldering must clearly be carried out 
after the final heat treatment—the melting point 
of solder being lower than the precipitation harden- 
ing temperature—it is evident that superficial oxide 
arising from both the high and low temperature 
heat treatments will be present on the surface unless 
special precautions are taken to remove it. A con- 
siderable amount of beryllium oxide may be formed 
during the solution heat treatment, nevertheless the 
precipitation-hardening treatment is much less 
detrimental from this point of view. It is, however, 
expedient to remove the oxide film between the two 
heat treatments since the second of these tends to 
make any beryllium oxide previously present 
harder to eliminate. 

Where possible it is desirable to adopt abrasive or 
mechanical cleaning, using a file, emery paper or 
even metal polish, but in many cases—as in the 
mass production of minute components—this is 
hardly practicable; such articles should be pickled 
between the two heat treatments. In obstinate 


cases it may be necessary to repeat the pickling 
process after the final heat treatment; but it will 
generally be found that ordinary soft-soldering 
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fluxes based on zinc chloride effectively combat 
any traces of oxide which may be reformed at this 
stage, as also do certain of the activated resin fluxes. 
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High-temperature bearings steel 
Use in jet engine 

JET-ENGINE BEARINGS to operate at elevated tem- 
peratures are now made of a ‘99°, native’ alloy 
steel by the Bower Roller Bearing Division of 
Federal-Mogul-Bower Bearings Inc., of Detroit. 
The material requires no imported alloying com- 
ponents such as tungsten or cobalt. The new steel 
is identified as Bower ‘315’ and produced by 
Republic Steel Corporation. Its principal alloying 
elements are 3°., Ni, 1-5°, Cr and 5°, Mo. 

The new bearing steel is being used on the ‘ hot” 
end of military jet engines. Operating temperatures 
range up to 500°F. (260°C.), about twice the 
temperature for bearings used in internal com- 
bustion engines for automobiles and trucks. While 
steel ordinarily softens permanently at elevated 
temperatures, Bower ‘ 315” recovers its original 
hardness when cooled to room temperature after 
heating as high as 1,000°F. (540°C.). 


Heat treatment 


Races and rollers for bearings are held at 1,000°F. 
as a final step of the heat treatment. Since this 
temperature exceeds the operating temperature for 
the bearings, ‘ 315” provides stability and prevents 
dimensional and hardness changes in the bearings 
in service. Races were tested at Bower by repeated 
heating and cooling between room temperature and 
1,000°F. They showed no measurable change in 
hardness or dimensions measured to the nearest 
ten-thousandth of an inch. The coefficient of 
thermal expansion of ‘ 315’ is close to that of the 
steels used for shafts and housings, according to 
the bearing manufacturer. This prevents difficulties 
which could be caused by differences in dimensional 
changes over the wide range of operating 
temperatures. 

Produced as a low-carbon steel, ‘ 315’ is readily 
machined. Case hardening after machining gives 
the bearing surface a hardness of 58—62 Rockwell 
C, with good wear resistance. On test stands, 
bearings made of the new alloy steel have operated 
without failure at temperatures up to 600°F. 
(315°C.). The tests include acceleration of the 
shaft from rest to 11,000 rev. min. in as little as 
8 sec. 
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Hot working of alloy steels 


Part 2 Essential factors for ductility 


A. GUEUSSIER and R. CASTRO 


This investigation into the hot ductile behaviour of alloy steels of varying composi- 
tions under varying conditions was described by the authors at the 1957 autumn 
meeting of the Société Frangaise de Métallurgie, Paris, and published in French 
in ‘Revue de Métallurgie,’ 1958, 15, (11). The authors are both with Actéries 
Electriques d’Ugine, Savoie, France, Mr. Castro being chief engineer, head of 
research. The first part of this study was given in the last issue and the third and 


concluding part will appear next month 


Influence of temperature 

In the following examples, a certain number of 
curves will be found giving the variation in duc- 
tility as a function of temperature, other things 
being equal, of course. In actual practice, curves of 
widely differing form can be observed, but the more 
usual types correspond, however, either to a simple 
curve showing a maximum at high temperature or 
to a more complicated curve showing notably a 
minimum at a moderate temperature and a maxi- 
mum at a very high temperature. However, in 
certain cases, curves have been found showing a 
number of minima and maxima. 

The only phenomenon appearing in practically all 
cases for a range of alloy steels is a maximum at a 
very high temperature. Beyond this maximum the 
ductility of the steel decreases rapidly, as the 
temperature rises, to fall to zero, which corresponds 
to complete burning of the metal, that is to say to 
the formation in it of a continuous liquid film result- 
ing from crossing the solidus line. The temperature 
of this maximum deformability, preceding the 
phenomenon of burning, fixes therefore the max- 
imum temperature of working allowable beyond 
which the phenomena of overheating and burning 
begin to appear. 


Influence of speed of deformation 

The essential influence of this factor on the 
ductility of steels and alloy steels has already been 
put forward by Portevin, Prétet and de Lacombe’ 


and has since been confirmed by various authorities. 
A few characteristic examples of it are given here. 

Fig. 10 shows a mild steel (for analysis of all steels 
in this report see Tables I and II) forged down to 
12 mm. (} in.) square for which variations in hot 
ductility are shown as a function of temperature for 
varying speeds of deformation. These results have 
been obtained from hot tensile tests at the two 
available experimental speeds. Based on this figure, 
two ranges of temperatures can be defined, in which 
the metal behaves differently: at low temperatures 
the steel works better at high speed than at low 
speed, whereas, at high temperatures, the reverse 
phenomenon is observed. Similar curves can be 
obtained for low or medium alloyed steels. 

Fig. 11 shows the results of similar tests, made 
under the same experimental conditions on an 18/8 
type of stainless steel, forged down to } in. square 
and quenched at 1,150°C. The results obtained 
were the same as in the previous example. 

Investigations into the phenomenon of brittleness 
by means of bend tests with stainless steels are 
shown in the example given on fig. 12, which 
confirms that this brittleness is more pronounced 
in proportion as the speed of deformation is lower. 
Similar tests could be made for brittleness of the 
same kind taken at temperatures between 1,000 
and 1,100°C., for mild steel and treated steels. 

It will be noted that, in practice, the speed of 
deformation does not remain strictly constant 
neither during working under a given tool nor in 
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the course of a definite test. However, in both 
cases, the variations are not so excessive as to make 
it impossible to give an average speed of deformation 
for the whole of the operation. Experience shows, 
indeed, that within the range of speeds examined 
during these tests, this factor only intervenes in 
any noticeable way on the hot ductility of steels 
when it varies to a considerable extent, say, for 
example, in a ratio of | to 10. 


TaBLe I Analysis of steels examined 
Cc Si |Mn| Ni Cr 


A 0-080 0-50 0-61'10-30 17-70 — 
B 0-055 0-40'0-32' 0-27:17-20 —_— 
C (|0-054'0-23'0-38 0-26 0°15 Al 0-014 
D 0-136'0-56/0-65 10-30 18-00 _ 
E 0-068 0-58'0-54 9-80 17-90 — 





Or her element $ 














F 0-765.0-31'0-47 0-20 4:10 W 18-9 
Vv 1-08 
G 0-110 0-53'0-45 10-20.17-90 nal 
H (0-1050:200-40 0-14 6:°20' Mo 0-64 
I (0-095 '0-59\0-49 11-30 17-00 Ti 0-31 
] (0-141/0-35.0-36; 0-14 6-40 Mo 0-61 
K '0-095'0-40'0-51) 0-33)12-90 — 
L (0-093\0-50'0-45| 9-60/17-30) Ti 0-56 
M '0-062'0-49'0-50 12-20,17-00 — 
N /|0-060)0-54,0-51/12°10'17-00 B 0-05 
added 
O 0-139'0-33'0-26 0-25) 5°80) Mo 0-54 
P (0-054.0-41 0-37, 12-30 17-00 _— 
Q (0-045\0-43/0-32 12-10 16-80 Mo 1-42 
R_ |(0:-050\/0-40\0-39|12-40/17-10' Mo 2-90 
S (|0-101'0-53/0-41'12-20'17-10 -- 
T (0-103,0-58.0-53.12-7017-10 Ti )-13 
U |(0-102/0-59'0-54)12:10/17-10) Ti 0-31 
V_ (0-031'0-65 0-62 13-60 16°80 Mo 2:35 
W 0-033 0-66 0-69 13-70 17-20 Mo 2-26 
Ce 0-3 
added 
TaBLe II (A) Analysis of steels 
Percentage 
of ferrite in 
"i Si |Mn/ Ni} Cr! Ti Vv the steel 
as cast 
1 (0-071\0-51\0-45'10-3 16-3/0-52/0-47 2; 3 
2 '0-060'0-62/0-44)10-4,16-2:'0- 360-77 45 
3 |0-087/0-65'0-49 10-°4/16°6.0-52)1-01 7 9 
4 |0-093/0-61'0: 4610-2, 16:8 0-46/1-90 10,12 
5 0-101'0-62\0-48) 10-3/16-7.0-59/2-80 15.18 
6 |0-103)0-77\0-55,10- 3) 16-5.0-50)3-78 25 30 
7 0-097'0-55\0:-49' 10-3 16-8|0-59\4-75 40 45 
8 0-094'0:590-58 9-2 18-30-73 3-84 65 75 
9 |0-088/0-65 0-56) 8-2'19-3)0-72'3-90 96 98 
TaBLe II (B) Analysis of steels 
te Si Mn Ni Cr 
10 0-028 0-59 0-61 8-2 17-6 
11 0-033 0-61 0-55 8-2 19-7 
12 0-033 0-70 0-55 8-1 21-9 
13 0-031 0-52 0-61 7:2 20-8 
14 0-033 0:58 0-56 7-4 21-5 
15 0-032 0-59 0-48 6:3 21-3 
16 0-030 0-65 0-48 6:3 22:4 
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Influence of the deformation process 

It has been stated that the ductility of a steel at a 
given temperature and for a given speed of deforma- 
tion depends upon the method of working adopted 
(continuous or in successive passes). This pheno- 
menon was also observed by G. Véry (private 
communication). 

An example of this is shown in fig. 13, which 
shows bend tests carried out on a tungsten high- 
speed steel, 18 4 1 type, as cast. Test-pieces were 
taken from a 10 cwt. ingot, near the surface and 
parallel] to it. Curve A shows the continuous 
deformation of the steel at high speed (20,000°,, 
sec.) and shows the variation with temperature of 
the critical deflection f, corresponding to the 
appearance of the first crack. Curve B was obtained 
under the same experimental conditions but with 
non-continuous deformation. The corresponding 
test-pieces were worked at high speed with a 
constant test temperature, by a succession of short 
passes. These passes correspond to definite ele- 
mentary deformations of increases of 0-5 mm. 
(0-02 in.) bending deflection. A period of 2 
minutes separates each individual deformation. 

These tests were carried out in such a way that 
the total maintenance of temperature, at the end of 
working, was practically the same for both curves 
A and B, and was about 20 minutes. On the same 
diagram, curve C corresponds to the continuous 
deformation of the same steel at low speed 
(30°,,/sec.). Curve D is to curve C as curve B is to 
curve A; it represents a non-continuous deforma- 
tion, each pass in this instance corresponding to 
an increase of | mm. (0-04 in.) in bending deflec- 
tion carried out at low speed every 2 minutes. 

This test shows that deformation in successive 
Stages results, in this case, in an improvement in 
ductility, which is all the more marked as the speed 
of deformation increases. It will be noticed that the 
ductility of the steel worked at high speed, but in 
successive stages with temperature held during the 
intervening periods at test temperature, can 
approximate to the ductility obtained through 
continuous working at a much lower speed. Con- 
sequently, in order to represent experimentally 
what happens in practice under the hammer, one 
may be led to adopt either a test carried out in the 
non-continuous method with a high speed of 
deformation or a test with a continuous method at a 
much lower speed. This example shows how 
difficult it is to arrange for a test perfectly adapted 
to represent the behaviour of a steel under a given 
tool. 


Influence of prior heat treatment 
For certain steels the hot ductility depends 
essentially on the preliminary heat treatment. 
The authors have already shown this phenomenon 
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10 Influence of speed of deformation. Steel C, mild steel, 11 Influence of speed of deformation. Steel D, 18/8 stainless, 


4 in. square forged, air-tempered 950°C. for 20 min., hot- 4 in. square forged, water-quenched 1,150°C./1 h., hot- 
tensile tests tensile tests 
Speed of deformation (a) equal to 40,000%s. (6 500%, /s Speed of deformation (a) equal to 40,000%,/s., (b) = 500% /s 
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13 Influence of method of working. Steel F, high-speed 
12 Influence of speed of deformation. Steel E, 18/8 aus- 18/4/1, as cast. Test-piece 6 = 10 x W mm., hot-bend 
tenitic, 4 in. square, water-quenched 1,250°C./1h., hot-bend tests 
tests. Test-piece 10 10 55 mm. U.F. notch a) (c) Continuously worked, (b) (d) discontinuously worked 
(a) 20,000, /s., (b) 30°. s., (©) 1°o.5. (a) (b) 20,000°, /s., (c) (d) 1% /s 
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14 Influence of preliminary heat treatment. Steel G, 188 15 Influence of method of taking test-pieces. Steel H, 


austenitic, 4 in. square, hot-tensile tests, 500°, /s. 5°., Cr-0-5°., Mo, 34-in. square billet in annealed state 
Water-quenched for 1 h. at (a) 950°C., (b) 1,050°C., (c) 1,150°Cy 900°C. 30 min. ° Test-prece 3% im. jor transverse study, 
d) 1,250°¢ calibrated % in. dia. = in. long, hot-tensile tests, 250 
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16 Influence of working on lengthuise ductility. Steel I, 17 Influence of working in transverse ductility. Steel 7, 
18/8, Ti, air-hardened 1,050°C. 1 h., hot-tensile tests, 5°, Cr-0-50°, Mo, annealed (900°C.'30 min.), hot-tensile 
500°, /s. test, 250". 's. 


(a) (b) As cast, (c) 2 im. sq., (d) 1 im. sq., (e) § mm. 5¢ Yaken transversely (a) 7} in. sq., (b) 54 in. sq., 


34 im. sq 
Taken lengthwise L 4 in. dia. forged 
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for stainless steels of the 18/8 type in a previous 
report.'° An example of this phenomenon is given 
in fig. 14 for a steel of the type used in the tensile 
tests of the present investigation. The variations in 
ductility of the steel with temperature have been 
determined after preliminary quenching treatments 
at rising temperatures. It will be seen that between 
1,050 and 1,100°C. the brittleness becomes more 
pronounced in proportion as the initial quenching 
temperature gets higher. 

It was also found that, at high working tempera- 
tures, the fine grain structure obtained at low 
initial quenching temperature resulted in better 
ductility than the large grain structure due to high 
quenching temperature. 

This essential influence of first heat-treatment 
temperature on the ductility of austenitic steels 
must be taken into consideration when the steel is 
being worked at falling temperature (deformation 
in a number of passes). An initial heating at exces- 
sive temperature can lead to cracks at the end of 
rolling owing to the worsening in brittleness which 
it causes at lower temperature. Similar results 
have been observed by H. M. Soldan and C. R. 
Mayne" when they were studying the ductility of 
stainless steel tubes for superheated steam, and of 
their weldings. 


Influence of method of taking test-pieces 

There is evidence to show that there is a 
‘ transverse ’ hot phenomenon, similar to the well- 
known cold ‘ transverse’ one, by studying the hot 
ductility of steel on worked products. 

Fig. 15 shows this fact by means of the variations 
in ductility as a function of temperature obtained 
on tensile test-pieces taken either longitudinally or 
transversely from a 90 mm. (34 in.) bloom, annealed, 
made from a 2-ton ingot of a 5°,, Cr : 0-5°,, Mo 
steel. It will be seen that the steel has a much 
reduced ductility in the transverse direction than 
in the longitudinal one. 

The method of taking test-pieces has, therefore, a 
great practical importance in the experimental 
study of the hot working of steels. It has been 
already pointed out indeed that, in certain cases, the 
steel is essentially worked in the transverse direc- 
tion (particularly in the case of tube rolling mills 
of the Mannesman or Stiefel type) and it is known 
in practice that, in order to get at the hot behaviour 
of steels in inclined tube mills, it is only by studying 
the transverse ductility of the steel that valid 
conclusions can be obtained. It should be remarked 
in this connection that a torsion test subjects the 
steel to shearing stresses, which in the case of a 
test-piece taken lengthwise from a worked steel, 
stresses the metal in a transverse direction. The 
number of turns before breaking in such a test 
therefore shows the transverse hot ductility of the 
alloy steel being studied, and this may explain the 
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interest which tube makers have generally shown in 
this kind of test.*-* 


Influence of section reduction by working 

Working improves the hot ductility of steel in the 
longitudinal direction. To provide evidence of this, 
tensile test-pieces have been taken lengthwise from 
a 30 kg. (66 Ib.) ingot, 100 mm. (4 in.) square and 
from 2, i and } in. square bars forged down from 
similar 30 kg. ingots, all from the same cast of an 
18/8 type of austenitic steel. All the test-pieces 
have been taken tangentially to the surface of the 
different products studied. In view of the con- 
siderable influence of the preliminary treatment on 
the hot ductility of this steel, all the test-pieces 
have been subjected to the same preliminary heat 
treatment, namely air quenched at 1,050°C. for 1 h. 

In fig. 16 will be found the curves for hot duc- 
tility taken by drawing on the various products 
with increasing amounts of section reduction. 
These graphs show that working improves deform- 
ability on the length, in proportion as the tem- 
perature is higher. It will be noted that 
deformability of the steel as cast gives two different 
curves. The tensile test on this steel produces, in 
fact, a distorted fracture, of which the cross section 
is approximately an ellipse. The minor axis of this 
ellipse is parallel to the dendrite crystals. As the 
test-pieces were taken near the surface of the ingot, 
the upper curve consequently corresponds to the 
deformability parallel to the dendritic axis and the 
lower curve to the deformability in a perpendicular 
direction. Working effaces this anisotropism. 

Different phenomena can be observed if the 
influence of working on the hot ductility of a steel 
is studied in the transverse direction. Although 
some steels show a continuous improvement in 
their hot ductility, as working increases in degree, 
both in the transverse and longitudinal directions, 
it is found in some cases that transverse ductility 
decreases as working increases, without the longi- 
tudinal ductility being affected. This fact is shown 
in fig. 17 for products with increasing amounts of 
section reduction, taken from a 2-ton ingot of a 
mild steel with 5°,, Cr and 0-5°,, Mo. This graph 
shows the variations of ductility with test tempera- 
ture obtained on tensile test-pieces taken cross- 
ways on annealed blooms 190, 140 and 90 mm. 
square (7}, 54 and 34 in. square) (curves a, b and 
c). These test-pieces were taken parallel to the 
surfaces of the blooms so that the deformed area is 
near to the geometrical axis of the various work- 
pieces studied. Curve L shows the longitudinal 
ductility taken on a } in. square forged bar from the 
same ingot. 

It is thus shown that the same laws for hot 
transverse ductility of steels exist as for the more 
usual phenomena already established for cold 
transverse ductility.*: '*. \* 





metai treatment 
and Drop Forging 


Metals research at 
the N.P.L. 


The primary work of the Metallurgy Division of the 
National Physical Laboratory, Teddington, is to 
investigate the constitution, structure,and physical and 
mechanical properties of both ferrous and non-ferrous 
metals and alloys, in order to provide information for 
a better understanding of the factors controlling their 
behaviour and thus to facilitate the development of 
new alloys and the most efficient use of existing ones. 
Methods of investigation range from examination of 
the structure of a metal or alloy by means of both 
optical and electron microscopy, and by X-ray and 
electron diffraction, to mechanical, thermal and elec- 
trical tests of the material. The development and 
application of new experimental techniques for the 
study of metallurgical problems receive special atten- 
tion. Some of the work in progress described below 
was exhibited at this year’s open days. 


FOR A NUMBER OF YEARS the Metallurgy Division 
of the N.P.L. was actively engaged in the study 
and development of alloys of aluminium, and, later, 
of magnesium alloys. It was largely due to the 
Laboratory that the scientific study of light alloys 
for aircraft production was started some 38 years 
ago. Investigations of the phenomena taking 
place during the age-hardening process in these 
alloys have been an important feature of subsequent 
research. Alloys of magnesium containing cerium 
and small proportions of other metals have proved 
to have exceptional properties at elevated tempera- 
tures, and their constitution and creep resistance 
have been systematically studied. 

More recently the possibilities of titanium, a 
metal somewhat heavier than aluminium but very 
much stronger and with a considerably higher 
melting point, have been generally recognized. 
Work has been undertaken on the chemistry of 
processes by which it may be extracted, and on the 
effects of impurities and alloying elements on its 
structure and properties. Another metal which 
has specially received attention in the Division is 
niobium. In this case interest centres not only in 
niobium metal itself and in alloys in which niobium 
is the major constituent, but also in the beneficial 
effects that can be produced by small additions of 
niobium to alloys for use at high temperatures. 

Another important activity is the preparation of 
metals of high purity, some of which are not very 
well known industrially. These have included 
beryllium, chromium, cobalt, iron, magnesium, 
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1. Equipment for measurement of creep strains 


manganese, silicon and vanadium. The products 
serve for the determination of the physical properties 
of the pure metals, and for the study of alloy 
systems free from impurities. 

In recent years emphasis has been on the pro- 
duction of relatively large amounts of pure iron. 
This was made possible by the installation of a 
high-frequency electric induction furnace in which 
it is possible to melt and cast 50 lb. of the metal 
in a high vacuum. The material is used in investi- 
gations into the effect of alloying elements on the 
properties of iron, including in particular a study 
of the factors affecting the low-temperature em- 
brittlement of the metal, a phenomenon of con- 
siderable practical importance in the operation of 
engineering structures in cold climates. Much of 
this work is carried out on single crystals which are 
produced in the Division. Single crystals of other 
pure metals and of solid solution alloys are also 
made for use in a study of the relationship between 
the elastic constants of the material and its com- 
position. 


Mechanical properties testing 


The increasing demands made on plant to with- 
stand higher service temperatures and stresses lead 
to a continuous search for improved or new 
materials for the construction of power plants 
whether of the nuclear or more traditional types. 
Sometimes the demand is for materials to with- 
stand fatigue at high temperatures, and at others 
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for materials of low density for engine casings, etc. 
The properties of engineering materials at elevated 
temperatures are studied in the high-temperature 


mechanical properties section. Two laboratories 
with controlled ambient temperature are equipped 
with approximately 90 creep and relaxation ma- 
chines while another has some 20 fatigue machines 
of various types. 

The creep machines have been designed to 
measure the slow deformation of metals under 
steady loads in the temperature range from 20°C. 
to 1,250°C. for periods up to 100,000 hours, and 
investigations to provide the designer with such 
long-time data are in progress. The machines are 
semi-automatic and can detect creep strains of 
10-* per hour. Since the failure of a component in 
service at high temperature may be due to fatigue 
of the material under alternating or fluctuating 
loads, the effects of cyclic loading on the life of 
engineering materials are being studied over a 
range of temperature up to 900°C. 

In parallel with this general study of the creep 
and fatigue properties of metals under load at 
elevated temperatures, attention has been directed 
to the effects on these properties of different at- 
mospheres such as occur, for example, in steam 
power plant. This enables materials in the de- 
velopment stage to be compared for general 
suitability and for freedom from stress-corrosiou 
effects. 

Electrical strain-recording apparatus for creep 
testing. —An apparatus has been developed to meet 





329 





metal treatment 
and Drop Forging 


2 ULTRASONIC GONIOMETER FOR TEXTURE MEASUREMENT 
ON METALS. The device is intended to examine certain 
metals, such as nimonic, titanium, brass, copper, uranium, 
etc., of marked elastic anisotropy which are often fabricated 
in forms exhibiting appreciable texture, that 13, preferred 
orientation of crystallites; it will assess the extent of this and 
also its directionality, e.g. the determination of the rolling 
direction of a plate. It achieves this by observing the 
critical angle of reflection of an ultrasonic wave incident on 
an area of about 1 sq. cm. of the surface of the specimen; 
access to the rest of the specimen is unnecessary, and, apart 
from tlie test surface, the shape of the specimen ts unim- 
portant provided that it is not too thin. The surface 
examined can be cylindrical, and, in certain circumstances, 
cuved somewhat in any dtrection. 

The device itself requires an input electrical wave train 
to produce the beam and an amplifier to take the received 
signal from the piezo-electric crystal so that it can be dis- 
played on a cathode ray tube. Both these functions can be 
performed by a good quality ultrasomic flaw detection 
equipment. 


Crown copyright reserved 


the need for a technique providing more efficient 
means of obtaining strain data from a large number 
of creep machines than the conventional ‘ rhomb 
and mirror’ optical lever high-temperature exten- 
someter. A prototype was shown at the Physical 
Society Exhibition this year, and following trials 
with the prototype a pilot scheme is in hand that 
involves a small number of creep machines used for 
medium and high sensitivity creep testing. The 
operation of these machines, equipped with the 
electrical extensometer, will provide information 
about the savings in labour used to obtain strain 
data, the maintenance of extensometer calibrations 
over long periods of testing and the practical use- 
fulness of the recording facility (Fig. 1). 

Creep deformations normally measured range 
from minimum extensions of approximately 
0-00002 in. up to total extensions of 0-20 in. and 
over. These deformations are detected in a test- 
piece with a high-temperature extensometer and 
the movements converted into changes of mutual 
inductance by a linear differential transformer, in 
which an iron core moves relative to a primary and 
two secondary windings. The secondary windings 
form part of a simple bridge which can be balanced 
by resistances in the other parts of the bridge and 
at balance the changes of resistance are a measure 
of the movements detected. By adjusting the 
bridge parameters a given change of resistance can 
be made numerically equivalent to a given test- 
piece strain, and a direct reading decimal scale of 
strain may be provided for a variety of test-piece 
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gauge lengths and sensitivities of measurement. 
The bridge is energized from a 50 c/s. a.c. supply 
which facilitates automatic balancing with a slide- 
wire resistance driven by a conventional servo- 
motor. 

Research into constructional materials cannot be 
conducted by laboratory experiment alone and the 
Division is accordingly equipped with a foundry 
and rolling mill for the production and working of 
metals on a small scale. 

The X-ray and Metal Physics Section is 
primarily engaged in fundamental researches; it 
also collaborates in other investigations in the 
Laboratory when the special techniques of X-ray 
diffraction or electron microscopy are required. 

One of the researches in progress using a soft 
X-ray spectrometer designed and built in the 
Laboratory has as its objective a better under- 
standing of the nature of the cohesive forces be- 
tween the atoms of metals. X-ray studies of the 
deformation of metals have been carried out over 
a number of years and recent investigations are 
concerned with the mechanisms by which preferred 
orientation of the crystal grains develops as a result 
of the deformation produced in a metal during 
such fabrication processes as forging or rolling. 
The section is actively co-operating with the Inter- 
national Union of Crystallography in its project to 
determine the precision with which fundamental 
crystal lattice dimensions can be determined by 
X-ray methods. New equipment such as high- 
temperature X-ray cameras, fine-focus X-ray tubes, 
etc., are developed as necessity for improved 
apparatus arises. A very recent project is the 
design and development of an apparatus for the 
analysis of metals by X-ray emission analysis. 

The changes of microstructure and the deforma- 
tions which take place during the creep of metals 
and alloys are under investigation. The use of 
the various types of microscope permits the changes 
of structure and the subdivision of crystals to be 
followed and sensitive measurements of slip and 
grain boundary movements to be made. 


Electron microscopy 

The recent acquisition of a new electron micro- 
scope having a resolution of 10A (10° mm.) or 
better has made considerable advances pessible so 
that, for example, the actual movements of the dis- 
locations in metals under stress can now be fol- 
lowed visually. Interesting observations have been 
made on alpha iron using a technique which in 
effect allows dislocation, precipitates and other 
imperfections to be seen in silhouette; what are 
believed to be the first detailed photographs of 
precipitates on dislocations have been taken. The 
precipitates grow on the dislocations under suitable 
conditions and develop fern-like or dendritic 
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shapes, although the branches are only about 100 
atoms thick. The dislocation arrangement itself 
is based on a simple structural unit, namely, a 
threefold junction, but because the units are put 
together in different ways a variety of dislocation 
patterns pervades the metal. The observations 
made so far indicate that the properties of the unit 
are a major factor controlling the yield and creep 
strength of iron and also materially influence the 
behaviour on annealing. 

Experiments are also in hand to measure the 
energy of a metal surface and also that between 
the grains (grain boundary energy) in a poly- 
crystalline material. Measurements at different 
temperatures of the rates of diffusion of the atoms 
within a pure metal (self-diffusion) and of the atoms 
of one metal in another are in progress, using 
radioactive tracer techniques to follow the move- 
ments of the atoms. At the same time the effect 
of stress on the rate of diffusion is being studied 
by a comparison of the movements in two similar 
specimens held at the same temperature, one 
stressed and the other unstressed. 

The Chemistry Section provides facilities for 
all analyses required in the Laboratory and attention 
is paid to the development of new and more sensi- 
tive analytical techniques. In particular, effort is 
now being directed to an assessment of the useful- 
ness of neutron activation analysis. The basis of 
the method is that when a metal is irradiated with 
neutrons in an atomic reactor radioactive isotopes 
of the various impurities are produced. Each 
decays at its own characteristic rate with the emis- 
sion of % or y rays of characteristic energy, so that 
with suitable electronic counting equipment analysis 
of the sample is made possible. This method is 
particularly useful in the analysis, for example, of 
semi-conductors such as silicon and germanium in 
which impurity levels of 1 in 10° or 10!” have 
marked effects on the electrical properties. Tradi- 
tional methods of chemical analysis are quite in- 
adequate for materials of this order of purity. 

A comparatively recent widening of the field of 
interest is provided by a small group working on 
the thermodynamics of metals and alloys. Measure- 
ments of vapour pressures, heats of formation, etc., 
are under way with the object of accumulating 
sufficient data to enable, for example, reasonably 
accurate forecasts of the equilibrium constitutions 
of alloy systems to be made, particularly at low 
temperatures where the traditional methods of 
thermal analysis fail because the attainment of 
equilibrium is so slow. 

Special investigations are undertaken for indi- 
vidual firms into problems arising in their manu- 
facturing or engineering processes, and examinations 
are made of the causes of failure in service of 
structural components. 
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Production of slugs and forging blanks 


Automatic ‘ displacement’ diecasting method 


THE CONVENTIONAL METHOD of producing slugs 
for impact extrusion is to cut them from rod stock, 
and blanks for forgings are also, for the most part, 
sawn or sheared from rod or bar. Since in both 
cases the original shape of the stock is completely 
lost in the forming operation, the cost of bringing 
it to that shape represents a proportion of total 
production costs which is only justified if there is 
no simpler and cheaper way of producing a blank. 
Additionally, in the production of small slugs and 
forging billets there is a considerable wastage of 
metal due to the width of the saw-cut, short ends 
and so on. 

Although various foundry processes offer obvious 
alternatives for the production of blanks, the 
internal structure of cast parts is often unsuited 
to further working, whilst the surface often carries 
abrasive matter deleterious to the forging dies. 
As the size of the blank diminishes, the possi- 
bility of using cast blanks vanishes, since with 
increasing surface/volume ratio the chilling rate 
is faster and the feeding in of extra metal to com- 
pensate for shrinkage becomes, with conventional 
casting methods, more and more difficult. 

During the last few years there has been a very 
rapid growth of both impact extrusion—especially 
of aluminium—and of small forging production 
in aluminium alloys. This has raised with some 
acuteness the question of economic slug produc- 
tion, and the Stroman Furnace and Engineering 
Co., of Franklin Park, Ill., has recently introduced 
equipment capable of producing automatically 
individual slugs and blanks in a wide variety 
of shapes to very close weight limits. The machine 
is self-contained; ingot or scrap is fed in at one end 
and the slugs are delivered at the other. 


‘Displacement’ diecasting 

The process is in many respects a novel one, 
and the ‘Como-Cast’ automatic slug-casting mach- 
ine is, in effect, a diecasting machine operating on 
the ‘displacement’ principle. The entry of metal 
into the die cavity, that is, is effected neither by 
air-pressure nor suction, but by the hydrostatic 
head of the molten metal. Because metal is taken 
from well below the surface of the melt, there is 
little chance of dross being carried into the cavity. 
By an ingenious refinement of design, the diecast 
slugs are sheared from their sprues before ejection 
and are thus ready for use without trimming 
when delivered from the machine. 


The ‘Como-Cast’ machine consists essentially 
of a melting furnace feeding a holding pot; above 
the latter is mounted a light machine-frame of 
conventional tie-bar design and carrying a single, 
moving, die platen. The axis of die travel is 
vertical, as shown in fig. 1. This whole assembly 
can be moved laterally to a position clear of the 
holding pot. The die, which for cylindrical slugs 
is of simple pot form, is water-cooled and is 
mounted on the face of a short-stroke pneumatic 
ejector cylinder. The lower end of the cavity is 
open. Below the die, and independently actuated, 
is the ‘mould pan’ which serves to close the die 
cavity. In line with the cavity is a sprue orifice in 
the pan bottom; this has reverse taper as shown. 
The height of the mould pan wall is such that at 
closure the top face of the cavity is below the rim 
of the pan. 
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SPRUCE ORIFICE 


1 Stroman ‘Como-Cast’ machine for automatic slug 
production. Air displaced by the incoming metal escapes at 
A; inlets B and C serve the pneumatic ejector 
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2 Operating sequence of the slug caster 
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In operation, the die member is brought down 
into the pan and presses tightly upon the bottom 
(fig. 2A). The whole assembly is then lowered 
steadily into the holding pot, displacing metal 
and so saising the level in the pot. At the same 
time metal rises through the sprue-hole and begins 
to fill the die cavity (fig. 2B), the air escaping by 


venting channels at the top of the pot ahead of 


the rising metal. The metal chills as it contacts 
the top face of the cavity and so does not plug the 
vents. If faster filling is required it is possible to 
couple a vacuum line to the outlet at A, fig. 1. 
Because filling is from the bottom, whilst solidi- 
fication proceeds inward and downward, crystal- 
lization shrinkage can be completely compensated 
and, despite the relatively low pressure at which 
they are diecast, the slugs are dense and homo- 
geneous. The rate of solidification is roughly 12 to 


14 sec. per in. of slug diameter, though this, of 


course, depends to some extent on slug thickness. 
Once the correct dwell has been determined, a 
pre-set timer ensures that it is correctly repeated 
at each cycle. 

As soon as solidification is complete, the die 
assembly is lifted clear of the melt again. The 
mould pan is now locked in place, and the die is 
shifted sideways a small distance while still in 
contact with the pan bottom. This shears the small 
sprue remnant in the upper part of the orifice and 
it drops back into the pot. The die is now lifted 
right out of the mould pan and the die carriage is 
traversed sideways clear of the pot. The pneu- 


matic ejectors then thrust the slug from the cavity 
(fig. 2 C), whence it falls into a discharge chute. 
The ejectors retract, the die carriage moves over 
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into alignment with the mould pan, and a new 
cycle commences. The holding pot is replenished 
from the melting hearth as required. 


Advantages of the method 

By this process of slug casting there is virtually 
no waste at all, for the trimmed scrap from the 
forming process can be returned for immediate 
re-melting. Although for clarity only a single 
impression die unit is shown in the figures, in 
practice it is highly advantageous to adopt multi- 
cavity dies. Each cavity, of course, is fed from an 
independent sprue orifice in the mould pan. As 
many as 16 slugs per cycle have been produced 
successfully with the equipment. Although the 
cycle is slow as compared with that of most impact 
extrusion operations, therefore, the output can 
often match the latter and the equipment may 
accordingly take its place in an automated produc- 
tion line. Most impact extrusions are worked 
from a disc-like slug, but for forgings, where such 
extreme deformation is not desirable, the blank 
may advantageously be diecast in a form approxi- 
mating to that of the finished part. Except that 
undercuts cannot be produced and that adequate 
draft for ejection is provided, dies are not restricted 
as to form. It is, therefore, quite practicable to 
diecast a ‘use’ so contoured as to be worked evenly 
all over under the forging die and to come to 
finished shape with a minimum of flash. Although 
the primary demand for the machines comes from 
producers of light alloy extrusions and forgings, 
other non-ferrous metals can be successfully 
handled without modification apart from re-timing 
to suit thermal variables. 
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Embrittlement of solid metals 


in a liquid metal 


W.VA. MORGAN 


This review of the published work on the embrittlement of solid metals by lower 
melting-point liquid metals is published by permission of the Director, Mines Branch, 


Department of Mines and Technical Surveys, Ottawa, Ontario, Canada. 


The 


author is Head, Ferrous Metals Section, Physical Metallurgy Division of the 


Department. 


MANY SERVICE FAILURES resulting from soldering 
and brazing operations on stressed materials have 
been reported. Generally the fracture surfaces 
followed an intercrystalline path and were often 
wetted by the lower melting-point metal. This 
review is a summary of the published work on the 
embrittlement of solid metals by lower melting- 
point liquid metals and discusses some of the 
theories for this type of failure. 

The intergranular failure of high melting-point 
metals when stressed in contact with a low melting- 
point molten metal or alloy has often been compared 
with the phenomenon of season-cracking. Possibly 
the similarity is borne out by the fact that Rogers’ 
developed the use of mercury-salt solutions for the 
detection of internal stresses in brass. The simul- 
taneous effects of internal stresses in the material 
and the interaction of deposited mercury with the 
grain boundaries of the brass causes cracking along 
intercrystalline paths. The method was used by 
Heyn* and later thoroughly investigated by Rawdon.* 
Huntingdon‘ reported the complete intercrystalline 
disintegration of a %-brass containing about 2°, 
aluminium when treated with mercury. Desch® 
obtained individual crystals from a similar brass by 
immersing it in mercury, but was unable to obtain 
the same effect with zinc, tin or lead. Moore and 
Beckinsale* showed that brass could be made 
immune from mercurial penetration and season- 
cracking by a low-temperature anneal. 


Mercury penetration 


A very thorough investigation into the whole 
problem of season cracking was reported by Moore, 
Beckinsale and Mallinson’ in 1921. The authors 
quoted results of mechanical tests on specimens 
coated with mercury which had been deposited 
from a mercurial salt. They found that the mercury 
alloys with the brass, but the action was confined to 
only a very thin surface layer. Fracture began at 
grain boundaries on the surface of the specimens 
and followed the crystal surfaces which became 


covered with mercury. The level of stress at which 
the intercrystalline cracks formed was shown to be 
dependent on the amount of free mercury and the 
time available for penetration. Slower rates of load- 
ing give lower values for the maximum stress and 
elongation. Very little deleterious effect was brought 
about by immersion in mercury and then testing 
after removal of the liquid. They concluded that 
little or no intergranular penetration occurred in the 
absence of stress. Finally the results of tests are 
given which show that copper was not embrittled 
by mercury, but that the susceptibility to failure 
increased with the zinc content. 

Edmunds* confirmed this finding in the range 
10—40",, zinc. In his investigation he also showed 
that ‘ as-rolled’ mercury-coated tensile specimens 
and specimens of large section possessed superior 
resistance to penetration than recrystallized and 
small-section test-pieces. He correlated the grain 
size of 70/30 brass with its mechanical properties in 
mercury, showing that the properties decreased with 
increase of grain size. A single crystal, however, 
failed in a completely ductile manner and showed 
no deleterious effect. 

Investigations into the effect of alloying elements 
on the susceptibility to penetration of brass by 
mercury have shown that no really marked effect 
was produced. Lynes® tested annealed 70/30 brass 
containing 0-1 and 0-3°%, arsenic, and Bassett'® 
investigated the effect of O0—0-2°,, cadmium. 
Wilson, Edmunds, Anderson and Peirce" alloyed 
36 elements with cartridge brass. In all cases the 
authors concluded that none of the added elements 
accelerated failure and the beneficial effect, if any, 
was small. 

Strachan, Jones and Harris® studied the effect of 
prior immersion in mercury at 300°C. and 500°C. 
on the room temperature mechanical properties of 
Inconel (80 Ni, 14 Cr, 6 Fe), Nimonic 75 (75 Ni, 
20 Cr, 5 Fe), nickel-iron 50 Ni/50 Fe, an 18/8 
stainless steel, a 3-5 Si/8 Cr valve steel, mild steel 
sheet, a pure iron sheet produced from powder, 
molybdenum and tungsten. At 300°C. no changes 
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in the mechanical properties were observed. At 
500°C., however, nickel was the only material which 
showed a decrease in mechanical properties. Further 
tests on the 20 Ni/25 Cr steel and the mild steel, 
after immersion in mercury at 300°C. for 2,000h. 
under a stress of 12,200 lb./sq. in., showed no de- 
crease in mechanical properties. An interesting 
facet of this work was the effect of 30 kc./s. ultrasonic 
vibrations on these materials. The authors showed 
that they were all susceptible to cavitation-erosion 
in mercury at room temperature. 


Penetration of molten solders 

The researches of the early workers on mercury 
penetration’ into brass and season-cracking led 
Dickenson™ to report the failure of a manganese 
bronze by intercrystalline penetration of molten 
solder. He later published the first account"’ of an 
investigation into the embrittlement of a solid 
metal by a low melting-point metal. The results of 
his tests showed that the behaviour of different 
brasses varied with their microstructure. With a 
tin/lead solder a 2-brass failed at a lower stress than 
an 2-brass, an « + % brass occupying a midway 
position. For molten lead/tin/bismuth alloys con- 
taining 50°,, bismuth, «-brasses were much more 
seriously affected. Dickenson" offered no explana- 
tion for this. Further examples of failure as a result 
of such penetration followed; the embrittlement 
of malleable cast iron by zinc in hot-dip galvanizing 
was reported.'* Duncan’ found that molten brass 
penetrated nickel steel. Hall’* reported the em- 
brittlement of a mild steel by solder under alternat- 
ing stresses at a temperature below 60°C. It is 
surprising that the penetration should have occurred 
at a temperature when the solder is solid. Probably 
some overheating and localized melting must have 
occurred at the point of penetration. 

In 1927, Miller,'’, Hartley'* and Genders'* pub- 
lished three papers covering a wide range of non- 
ferrous and ferrous metals. Miller tested specimens 
of 60/40 and 70,30 brasses in mercury at room tem- 
perature and in 50°,, lead—50°,, tin solder, pure 
tin and pure lead at temperatures of 220°C. and 
350°C. He found that failure occurred by a process 
of intercrystalline penetration, and concluded that 
although a much higher stress was necessary for 
brass to crack in molten tin solder or lead, the 
process was similar to that of cracking and embrittle- 
ment by mercury. In agreement with previous 
workers his results showed that «-brass was more 
resistant than $-brass to penetration by mercury and 
lead-tin solder. 

Hartley’s work was similar to that of Miller 
except that he extended his range of copper zinc 
alloys from pure copper to 60/40 brass. In addition, 
he measured the time to fracture at various stresses 
and compared the results obtained with values from 
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short-time tensile tests in air at the same tempera- 
ture. An analysis of his results showed that the 
strength of pure copper was not so drastically 
reduced in molten tin as were the 70/30, 64/36 and 
61/39 brasses, the exception being the 80/20 brass. 
The stress required to fracture a test-piece was time- 
dependent and the stress-duration curves were of 
parabolic form. The author showed that the tin 
content of the solders used had an effect on the 
penetration, increasing tin content giving more 
rapid failure. On this finding, he based an explana- 
tion of the failure by postulating that alloying 
occurred at some grain boundaries which contained 
segregated impurities more rapidly than at others. 
In this way a brittle film may be formed which 
fractured easily under the applied stress; at this 
point further alloying and subsequent fracture 
took place. 


Effect of brazing solders 

Genders studied the failure of mild steel when 
coated with commercial brazing solder. A 4-in. rod 
could be fractured easily by bending it at 800°C. 
Molten copper also produced such an effect, but 
surprisingly he reported that zinc, tin and tin lead 
alloy had no effect. He indicated that the experi- 
ments he had carried out showed a small amount of 
penetration of brazing solder at grain boundaries of 
armco iron in the absence of stress. In a discussion 
on Genders’ paper, Williams*® reported the failure 
of a 50/50 nickel-iron alloy in brazing solder. 
Anderson and Poole*' quoted results showing that 
molten copper was much more severe than brazing 
metal on mild steel and that, although zinc had the 
strongest solvent action on steel, it did not give rise 
to embrittlement. They showed that a critical 
stress level had to be exceeded to produce embrittle- 
ment. 

Riede* described cracks which developed in steel 
during dip-brazing and showed that normalizing 
could be used as a preventative. Stresses which 
arise during the hot-dipping process have been 
suggested by Albert* as a cause of penetration. 
Kreitz™ found cracks after brazing articles which he 
believed to be free from internal and external 
stresses. Failures due to intercrystalline penetration 
have been reported by Fficld®’ in the welding of 
certain alloy steels which had been galvanized. 
Sparagen and Claussen* extended these findings to 
include both plain and alloy steels. Straight 
chromium and 18 8 stainless steels have been shown 
by Henry and Schroeder*’ to be susceptible to em- 
brittlement by zinc, tin and Tobin bronze in both 
the molten and gaseous states. Zinc showed the 
most severe attack. The use of zinc coatings on 
nickel chromium steels was shown to be undesirable 
if they were to be subsequently heated.?* In order 
to determine at what temperature intergranular 
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penetration of galvanized steel by zinc might take 
place, Craig** conducted a series of high-tempera- 
ture tests on coated and uncoated steels. He found 
that in the temperature range from 20—800°C. 
low-carbon and high-carbon steels suffered no 
adverse effect due to zinc coatings. In stainless 
steel the coating had no effect up to 550°C. Above 
this temperature the zinc coating appeared to cause 
a marked decrease in ductility, but a less pronounced 
oss in strength. 


Effect of other metals 

Schottky, Schichtel and Stolle*® investigated the 

ffect of a whole range of metals on plain carbon 

els, 4°, silicon steel and on 22°, and 32' 

romium steels. The tests were made by bending 

irs, in the range 1,000—1,200°C. and sprinkling 
xetal powder on the side in tension. Tin, zinc, 
timony, copper, 5°,, tin bronze, a 5°, tin, 10° 
1c brass, and white bearing metals caused marked 
d-shortness at all temperatures in the above range. 
muth, cadmium, lead, silver, and nickel seemed 
have little or no effect. The carbon content in 
> range 0-1—0-5°,, carbon had no effect on the 
istance to penetration. No red-shortness was 
bserved in the 32°,, chromium steel with any of the 
etals used. A short time after this investigation 
1s published, Schuster® reported the penetration 
brass into a steel shaft. 

Van Ewijk® in 1935 reported that stressed 
|-chromium high-tensile steels were embrittled 
nolten solder, lead, tin, zinc, cadmium or 
vitz alloy (tin 4, lead 8, bismuth 15, cadmium 
ts; melting point 60°C.). For carbon steels 
ich liability was observed. In order to obtain 
ng of the steels he used a zinc chloride flux; 

racking was observed on specimens in which the 
had not been used. The liability to failure in 
molten metal was greatly reduced by tempering 
00°C., but normal ranges of tempering tem- 
iture produced little effect. Pattermann® con- 
d Van Ewijk’s** results and reported that 
nium/molybdenum steel was much more 
ant to embrittlement than the nickel/chromium 
nickel/chromium molybdenum steels. Rust- 
of chromium steels and _nickel/chromium 
tanium steels only showed the effect to a very 
slight degree. 


Variables affecting penetration 

An investigation of such variables as temperature, 
rate of application of load, tensile properties, degree 
of temper-brittleness and microstructure has been 
made for the attack of molten white metal on steels, 
by Goodrich.** By means of a bend test he plotted 
load deflection curves for four different steels un- 
coated and coated with lead/tin solder at 250°C. 
and a bearing metal at 350°C. The steels used were 


335 


metal treatment 
and Drop Forging 


an oil-hardened and tempered plain carbon, 1°, 
nickel and nickel/chromium/molybdenum steel. 
With increase in the rate of loading for these ma- 
terials there was a gradual decrease in the yield and 
maximum loads, the smallest decrease being shown 
by the plain carbon steel. An increase of temperature 
brought about a more rapid decrease of these proper- 
ties and again the plain carbon steel seemed more 
resistant to penetration. 

Goodrich further showed that addition of nickel 
up to 1-2°), to carbon steels was deleterious. How- 
ever, the resistance of nickel-chromium steels was 
either better or worse than carbon steels depending 
on the microstructure, a smal] amount of free ferrite 
and small sorbitic grains decreasing the liability to 
embrittlement. Generally, carbon steels were more 
uniformly resistant to penetration than alloy steels. 
Quenched and tempered structures gave better 
results than normalized or annealed structures. 
Addition of molybdenum to the nickel/chromium 
steels conferred no added resistance. In agreement 
with other workers, Goodrich reported that the 
resistance to penetration varied inversely as the 
grain size. Finally, temper brittleness, as deter- 
mined by the Izod impact test, appeared to have no 
influence on the resistance to penetration. 

The resistance to penetration of steels by molten 
white bearing-metal solder and brazing alloys was 
also investigated by Wang.* His results confirmed 
that alloy steels were more susceptible than plain 
carbon steels. Intercrystalline attack by low melt- 
ing-point metals did not occur above about 400°C. 
The test of the load extension curves obtained 
showed that penetration did not occur until the 
elastic limit had been exceeded, and that the degree 
of stress required to produce penetration was 
critical. The rate of application of load when in- 
creased, increased the tendency of molten brazing 
alloys to penetrate steels; the tendency for such 
penetration was diminished above 950°C. 


Comparative tests in solder and oil 

A very extensive range of engineering materials 
were tested in molten solder and oil by Austin.” 
His tests were carried out in a tensile testing machine 
and a complete autographic load-extension curve 
was plotted for each specimen. In this way it was 
possible to determine at what stage of the curve 
elastic, general extension to maximum load, or 
necking) the effect, if any, occurred and whether the 
normal tensile flow curve was interrupted only, or 
modified. Generally, it was shown that the molten 
metal did not modify the curve, but stopped it 
earlier than comparative tests in oil. The presence 
of molten solder, therefore, did not apparently 
affect the general resistance of the material to 
deformation, but decreased the amount of deforma- 
tion before fracture. 
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Iron, nickel and copper were slightly affected; 
monel metal and cupro-nickel were unaffected. The 
strength of silver, zinc, aluminium, aluminium 
bronze, 70/30 and 60/40 brass was reduced. The 
plain, low-carbon steels and the lower carbon 
pearlitic and austenitic heat- and rust-resisting 
steels did not appear to be as liable to penetration as 
similar steels with higher carbon. Increasing 
hardness and secondary grain size were deleterious, 
but neither the temper brittle nor the burnt state 
appeared to increase the embrittlement. Bassett®’, 
in the discussion on this paper, reported the 
penetration of bearing metal into a steel railway 
wagon axle due to local overheating and alternating 
stress. 

The most recent report on the effect of molten 
solders on stressed solid metals has been published 
by Russian investigators.™: °° They studied the 
influence of composition and contact time of various 
solders on the brittle fracture of steels in tension. A 
beneficial effect was claimed for surface protection 
by nickel and copper. In the case of copper this 
differed from the results of Jepson and Thompson** 
discussed later in this report. 


Effect of surface finish 

Only a very small amount of information existed 
on the effect of surface finish of steel on its liability 
to penetration. Most of the above workers found 
that unless they obtained wetting of the steel by the 
solder with a zinc chloride, flux failure was of the 
normal ductile type. However, Jepson and 
Thompson,** while investigating the effect of a 
tensile stress on the rate of transformation of a 
eutectoid steel under isothermal conditions, found 
that specimens immersed in molten solder at tem- 
peratures between 200 and 400°C. were liable to 
fracture under low stresses. They, therefore, 
determined the time to fracture under a given load 
at 250°C. of specimens, each having a different 
surface finish. Their results showed that nickel- 
plating was the only effective prevention to failure, 
but even this failed at high stresses. An oxide skin 
proved the next safest and a copper-plated specimen 
the worst. When lead was used instead of solder 
no embrittlement of the steel occurred. 

In the field of galvanizing particular attention has 
been paid to the interface reactions between molten 
zinc, the steel being dipped and the molten zinc 
bath-container materials. In 1952 Haarman’® re- 
ported that galvanizing baths may be subject to 
three types of failure due to the attack of molten 
zinc. They were general surface attack, deep pitting 
and intercrystalline embrittlement. Initial results 
of his work showed that the higher the stress the 
greater was the degree of embrittlement. 

Later, a more extensive investigation was re- 
ported by Radeker™ who again showed that steel is 
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subject to intercrystalline attack by molten zinc. 
Bent specimens of steel immersed in zinc baths at 
various temperatures between 425 and 500°C., with 
intermittent closing of the U-shaped strip, revealed 
no cracks until a notch was introduced at the bend, 
thus demonstrating the need for a minimum stress 
level. Both tensile strengths and, particularly, the 
reduction of area were decreased as a result of inter- 
crystalline attack at temperatures of 425, 450, 475 
and 500°C. At higher temperatures and stresses, 
stress-rupture tests on specimens immersed in 
molten zinc showed that the life was shorter than 
at lower stresses and temperature. The relationship 
between stress and time yielded a straight line on a 
double-log plot. 

The results published by MHaarman*® and 
Radeker® differ from earlier results of Anderson 
and Poole who reported no intercrystalline em- 
brittlement due to zinc. However, the former 
investigators agree with the work of Ffield, Henry 
and Schroeder, Campbell, and Craig. 


Penetration of non-ferrous alloys 

Service failures in four groups of non-ferrous 
alloys have been reported by Smith and Forsyth.** 
A high-strength brass containing aluminium having 
a homogeneous {-structure was easily penetrated by 
solder, whilst a similar brass containing manganese 
and possessing a duplex «-% structure was unaffected. 
Cracking was also observed in a completely $-brass 
containing lead. During annealing the lead had 
formed thin films around the grain boundaries and 
had ceased to exist as discrete globules. This type 
of failure has been observed to occur during the 
working at elevated temperatures of leaded steels.*° 
Fracture of high-strength nickel-chromium steel 
tubes by penetration of molten solder and of 
austenitic steel by brazing alloy at 300°C. was also 
reported by Smith and Forsyth. They showed, 
too, that an aluminium copper/magnesium/zinc 
alloy may be embrittled by Wood’s metal, and that 
platinum alloy electrodes were susceptible to 
penetration by lead deposited on them during 
operation. 

The Aluminium Development Association in- 
vestigated the embrittlement of aluminium and 
aluminium alloys in solder and brazing metal (9°, 
tin, 10°,, zinc) at 250°C. Pure aluminium and 
aluminium manganese alloy or annealed aluminium 
magnesium silicon alloy did not fail intergranularly. 
Fully heat-treated aluminium magnesium/silicon 
alloy and a fully heat-treated aluminium/magnesium 
zinc allov were found to be the most susceptible. 

Whitaker® reported the work of Voce and Bailey 
on the embrittlement of «-, «-3- and $-brasses up 
to 4°,, aluminium in mercury, lead, tin, and eutectic 
solder. With mercury, fracture occurred in all the 
brasses, the $-brass being most susceptible. The 
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stress at failure increased with the aluminium 
content. At 200°C. each brass was embrittled by 
solder and again the §-brass was the most sus- 
ceptible. However, in the «-{ alloys preferential 
alloying was reported to have occurred between the 
a phase and the solder. Contrary to this finding, 
at 350°C., the alloying occurred equally with the 
x and % phases. Increase in the aluminium content 
conferred no added resistance to penetration. Lead 
at 350°C. did not penetrate plain 60/40, 70/30 and 
53/47 brasses. 


Stainless steels 
Although many investigations sponsored by the 
U.S. Atomic Energy Commission on the solution of 
olid metals in molten metals have been published 
recently, only a comparatively small number have 
ealt with stressed metals. Grassi, Bainbridge and 
lliot®® investigated the stress-rupture properties 
if five low-alloy and stainless steels in liquid lead- 
smuth alloy at 750°C. When the metals were not 
re-coated before immersion in the molten metal no 
ignificant attack was noted. However, coating 
efore testing resulted in a small decrease of the 
roperties of the steels. The greatest decrease in 
trength was shown by a chromium/molybdenum 
inadium steel. 

In a later publication the same authors* tested 
m and molybdenum in lead and bismuth. 
reported that an anomalous increase in 

rength was noted for molybdenum in the stress- 

upture tests at 850 and 750°C. in the molten 
metals. No significant surface attack by the liquid 
netals was noted. Niobium on the other hand 
howed a decreased strength and ductility, bismuth 
iving the greater effect and producing fissures in 
he surface of the metal. The welding of niobium 
» molybdenum resulted in a zone between the two 
ictals, which showed the development of large 
rains and broad grain boundaries containing some 
known precipitate. These boundaries were par- 

cularly susceptible to embrittlement by molten 
smuth. 
Pray, Peoples and Boyd*’ reported that stainless 
eels are relatively unattacked by pure bismuth. 
»tellite and some of the Haste-alloys are embrittled. 
heir results indicated that the presence of gases in 
solutions in the bismuth did not affect the attack on 
the steels, ‘ as-received’ bismuth being as reactive 
as degassed metal. Fatigue and stress-rupture tests 
on stainless steels in molten sodium at 500°C. have 
been shown by Koenig and Vandenberg** to give 
results comparable with those obtained in helium 
and argon. 


Penetration by sodium, gallium, potassium 
and lithium 
Sodium, gallium, potassium and lithium have 
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received particular study because of their poten- 
tiality as coolants in nuclear reaction. Wilkinson 
and Yaggee** showed that even in unstressed tests 
Monel, Inconel, mild steel (SAE 1020), Armco 
iron, nickel types 302, 347 and 440 stainless steels 
were subject to intergranular attack by lithium at 
600°C. No intergranular attack was noted at 
300°C. Bokros®* showed that sodium had no effect 
on the hot-tensile properties of zirconium. Martin 
and Smith®’ have also shown that sodium did not 
affect the fatigue life of 18/8 stainless steels when 
tested at 300°C. in push-pull tension. On the 
other hand, these same authors reported that the 
fatigue limit and the life of mild steel, at stresses 
above the fatigue limit, was reduced, when tested 
in molten tin at 300°C. 

Herold er a/.** conducted a systematic investiga- 
tion of the penetration of lithium into pure iron and 
mild steels (0-1°,,C.) at temperatures up to 1,100°C. 
They found that pure iron was resistant to penetra- 
tion but that steels were embrittled. It was theorized 
that the reaction between impurities and carbon in 
steel produced fissures which aided penetration. 
Heating the steel in hydrogen for 100 h. at 900°C. 
rendered it impermeable. 

The main work on the problem of intercrystalline 
failure has not been directed to an evaluation of its 
cause, but rather to seek systems which did not 
exhibit it. It was not until 1948, when C. S. 
Smith*® published an account of the effect of inter- 
facial energies on the equilibrium form of a micro- 
structure, that any further work was carried out. 


Effect of interfacial energies 

Smith suggested that the interfacial energies 
between crystals could be considered as tensions 
acting along the boundaries. When several crystals 
meet, then their boundaries make definite angles 
with one another at their point of intersection so 
that the interfacial tensions formed a balanced 
system. The angle between two interphase boun- 
daries when a crystal of one phase meets two crystals 
of another phase was called the dihedral angle. The 
dihedral angle would vary with the values of the 
interfacial tensions. The concept could be applied 
to the interface between a solid surface, solid grain 
boundary and a molten phase. Smith postulated 
that if the interphase energy was less than half that 
of the crystal-boundary energy in one phase, the 
dihedral angle would be zero and the second phase 
would tend to spread indefinitely along the crystal 
boundary. 

Furthermore, he concluded that if the dihedral 
angle was less than 60° a liquid second phase would 
be expected to penetrate along grain edges (a grain 
edge being defined as the line forming the junction 
between three adjacent crystals). He tried to explain 
the embrittlement of copper-bismuth alloys by this 
D1 





metal treatment 
and Drop Forging 


concept, that since the dihedral angle of bismuth on 
copper was equal to zero, then molten bismuth 
would penetrate between the crystals completely 
wetting the grain faces and disintegrating the solid. 
Lead would not have the same deleterious effect, 
since the dihedral angle on copper was much greater 
than zero. Smith believed that no stress was 
necessary for such an action to occur. No indication 
was given of the rate at which liquid bismuth might 
be expected to penetrate along the grains of a piece 
of solid copper with which it was in contact. 

Robertson* has endeavoured to explain the inter- 
crystalline penetration of mercury into brass by 
applying Smith’s ideas. He pointed out that pure 
copper appeared to be immune from penetration at 
170°C. (the temperature above which intermetallic 
compounds were not stable) since the measured 
grain boundary groove angle (about 120°) was high. 
Tests on specimens which were kept under a 
constant stress while immersed in mercury under 
the same conditions indicated that the dihedral angle 
was not appreciably affected by the presence of a 
stress. An unstressed brass containing 69°, copper 
suffered deep penetration after immersion in 
mercury for 18 h. at 350°C.; this temperature was 
chosen since it was above that at which intermetallic 
compounds were formed. It was suggested that the 
attainment of the equilibrium dihedral angle at 
room temperature was prevented by the formation 
of an intermetallic compound, but that this com- 
pound may be broken down under stress. 


Discussion 

In the foregoing survey details have been given of 
materials which are susceptible to embrittlement 
when immersed or coated with a liquid metal. It 
will also aid in an appreciation of this problem if a 
brief account is given of the general factors which 
can effect embrittlement as follows: (1) The surface 
condition of the solid metal; (2) the grain size of the 
solid metal; (3) the level of stress; (4) the strain 
rate; (5) the composition of the molten metal; 
(6) the effect of temperature. 

(1) Surface condition One of the prime requisites 
for embrittlement noted in all publications was that 
the liquid metal should wet the solid metal surface. 
Thus oxide films which are not soluble in the liquid 
metal and which will not be reduced by the liquid 
metal are protective. At very high deformations, 
however, the oxide skin may crack, thus presenting 
fresh unoxidized surfaces to the molten metal. 
Plating can be protective if the plated metal is not 
attacked by the molten metal. If it is attacked, then 
failure is enhanced by the plating, e.g. Jepson and 
Thompson’s work. Any method of surface prepara- 
tion which presents a clean, solid metal surface to 
the liquid metal can initiate failure in a suitable 
system. 
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(2) Grain size A large grain size is deleterious. 
Goodrich showed that the resistance to penetration 
at 250 and 350°C. varied inversely as the grain size. 
This effect was very pronounced at 250°C. but not 
so noticeable at 350°C. Van Ewijk, in a discussion 
on Goodrich’s paper, reported also that embrittle- 
ment was increased with a coarsening of the grain 
size. The confirmation of this effect was provided 
by Genders, who showed that the degree to which a 
metal had been cold-worked and the shape of the 
grain boundaries influenced intercrystalline em- 
brittlement by a liquid metal. The second factor 
was particularly important at lower temperatures. 
Desch supported the view that grain shape was more 
important than grain size. He suggested that inter- 
crystalline embrittlement will not be found in cast 
metals where there are interlocked and irregular 
boundaries. This statement, however, seems sur- 
prising in the light of Dickenson’s results which 
showed that an as-cast structure of intermingled 
« and @ crystals in a manganese bronze specimen 
suffered intergranular failure in molten solder. It 
seems quite conclusive that a large grain-size is 
deleterious and this may be explained by the fact 
that crack propagation is easier if the direction of 
the boundary does not change within short distances. 

(3) Stress level Many investigations have re- 
ported that the time to fracture of a solid metal in a 
molten metal environment is decreased with in- 
creasing stress more so than if the metal was tested in 
air. Hartley showed that a hyperbolic relationship 
existed between the stress and time to rupture. 
Several of the published papers have also indicated 
that the rate of embrittlement is slow below a 
critical stress. It appears that this critical stress 
level may correspond with the yield strength of the 


‘solid metal. It is, of course, difficult to determine 


accurately because local yielding will undoubtedly 
occur in most metals near their conventional yield 
or proof stress. 

(4) Strain rate Goodrich has reported that the 
yield and maximum loads withstood by different 
steels in the presence of molten white metal de- 
creased with slower rates of loading at constant 
temperature. The greatest effect, however, was 
obtained on the extent of deformation before frac- 
ture, which was greatly reduced at lower strain 
rates. Hartley, too, was able to show that the 
apparent strength of a solid metal tested in a liquid 
metal was very much higher in a rapid tensile test 
than in a slow test extending over about 10 h. 

(5) Composition of the molten metal Earlier in 
this discussion it has been pointed out that one of 
the major factors initiating embrittlement was that 
the liquid metal should wet the solid metal surface. 
Lead, for example, does not wet 60/40 and 70/30 
brass but solder does. Thus Whitaker showed that 
these brasses were embrittled by solder at 200°C. 
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but that lead at 350°C. had no effect. In this 
instance the tin in the solder promoted wetting of 
the surface. The wettability of a molten metal is 


z 

* __ related to the interfacial tension at the liquid/solid 
% interface. If tin wets the surface of solid brass then 
the lead should readily wet the tinned surface, since 


haley 


tin and lead are mutually soluble. 

Other investigators have confirmed this effect on 
steels where lead produced no intergranular failure 
¥ at 250°C. but solder did. 

4 (6) The effect of temperature Dickenson showed 
; that the maximum strength and deflection of a solid 
metal tested in bending when coated with a molten 
metal was decreased by an increase in temperature. 
The resistance to penetration of steels has been 
hown to be less at 350°C. than at 250°C. At the 
higher temperature failure was almost instantaneous, 
vhilst at 250°C., for the same stress the time to 
racture was prolonged. Van Ewijk, however, work- 
ig on the penetration of molten solders into 
tressed nickel/chromium steels, found that the 
emperature of the molten metal did not affect the 
iegree of embrittlement. His work was carried out 
on internally stressed components, so the higher 
emperatures may have relieved the stress. 

One of the more interesting effects of temperature, 

aled by Goodrich and Genders, was that the 

t of grain size, in lowering the properties of the 

metal in a liquid metal, was greater at low 

ratures than at high temperatures. The in- 

e that can be drawn from this behaviour is 

at the applied stress can decrease the activation 

rgy for grain boundary diffusion and that em- 

rittlement is due to rapid grain boundary diffusion 
inder the influence of stress. 

A satisfactory hypothesis for this type of em- 
rittlement has not yet been developed. Some 
uthors believe failure is due to discontinuous 
racking and attack along the grain boundaries. 
However, this idea does not explain all facets of 
1e problem. 
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NEWS 


CIBA Fellowships 


The CIBA Fellowship Trust has been founded for the 
purpose of improving and increasing the interchange of 
ideas between scientists in the United Kingdom and 
on the Continent. The trustees are: Sir Arthur Vere 
Harvey, C.B.E., M.P., Lord Hives, C.H., Professor Sir 
Alexander R. Todd, F.R.s. 

Several fellowships will be awarded for tenure during 
the academic year 1959-60 at continental universities or 
institutions for research in chemistry, physics or some 
other allied scientific subject. They will be awarded to 
graduates of universities situated in the United Kingdom 
of Great Britain and Northern Ireland or in the Republic 
of Ireland, or to members of those universities graduating 
this year. It is anticipated that some fellowships will 
be awarded to recent graduates and other fellowships to 
candidates who have already taken their Ph.D., or who 
have already spent some time in industry. 

The basic award for Fellows who have already under- 
gone training in research and wish to continue post- 
doctorate studies will be £800 per annum plus allowances, 
including cost-of-living and children’s allowance. For 
candidates who have obtained a first degree in science 
and wish to undergo training in research, the basic 
award wil] be £500 per annum plus allowances, including 
cost-of-living and children’s allowance. 

Further details are available from the Secretary of 
the CIBA Fellowship Trust, CIBA (A.R.L.) Ltd., 
Duxford, Cambridge. 





Heat-treatment service 


Expert Heat Treatments Ltd. has now established the 
following divisions for heat treating: 

A heavy shop which can take several furnace loads of 
up to 5 tons and with controlled temperatures of over 
1,250°C. 

A tool and high-speed steel section together with 
Martempering facilities having sufficient capacity to 
handle all normal size tools and dies. 

A light alloy section consisting of four forced air 
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circulation, close temperature control, electric furnaces 
for standard normalizing solutionizing and annealing 
work, together with a large mechanically charged hori- 
zontal furnace for precipitation treatment. 

A controlled-atmosphere furnace section in which is 
installed the latest Efco carbo-nitriding plant and Wild- 
Barfield gas-carburizing equipment. 

Where surface hardnesses are required from direct 
contact with case-hardening media a cyanide section 
capable of treating approximately 7,500 lb. of steel per 
week, and three pack carburizing furnaces with floor 
areas ranging from 15-28 sq. ft., are in operation. 

tempering section for use where work requires 
temperature contro! to fine limits consists of four pot- 
type forced air circulation electric furnaces. 

The flame-hardening department has been fitted out 
to do the most comprehensive range of items possible and 
is continuously engaged on work varying from hardening 
the teeth of gears from } in. dia. to 5 ft. dia., as well as 
shafts of all diameters and lengths up to 11 ft. 6 in. long. 
For this latter purpose special ring burners are in use on a 
machine which spins the work and traverses the burner 
at the same time at a pre-determined rate. 

The induction department at Morden has a number of 
machines ranging from 2 kW. to 80 kW. For production 
runs special fixtures built within the works are utilized 
and the set-ups are fully automatic with timers and 
micro-switch controls eliminating any possibility of human 
error. 


British Insulated Callender’s Cables Ltd. 
announces that the address of its Cambridge Branch 
office is now 65 Devonshire Road, Cambridge. 


Chas. H. Windschuegl Ltd., 1 Leadenhall Street, 
London, E.C.3, has been appointed sole agents in the 
United Kingdom for ‘ Beverol’ motor and industrial 
oils and greases manufactured in Holland by Beverol- 
fabrieken N.V. of Beverwijk, Holland. 

The London office of Rocol Ltd., is now at General 
Buildings, Aldwych, London, W.C.2 (Holborn 1985). 


Large forged steel steam drums 


First of four 

forged steel steam drums 

of an unusual design, 

produced by Thos. Firth & Fohn 
Brown Ltd., to the order of 
Mitchell Engineering Ltd., 

has recently been installed at the 
Central Electricity Generating Board’s 
generating station, 

Skelton Grange, near Leeds. 

The 85-ton drum, 47 ft. long, 
has a 66-in. bore, 

ts fitted with 879 welded stub tubes 
and attachments 

instead of the usual 

expanded boiler tubes, varying 
from 9 to 27 in., 

and was made to accommodate 

a design pressure of 

1,850 Jb. sq. in. 

The forged steel drum 

twas constructed from two hollow 
forged half drums, 

each with an integral closed end. 
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NICKEL 
ALLOY 
STEELS 


ensure 
reliability in 
lathes and 
fear 
shapers 


\utomatic factory production methods place a 
remium on reliability. 

lo ensure their products do not suffer through 
naterial failures, Messrs. Drummond Bros. 
Ltd., Guildford, specify nickel alloy steels in 
their ‘ Maxicut’ industrial lathes and gear 
hapers and high production multi-tool 
machines. 

Among the various nickel alloy steels used in 
Drummond tools is the 4} per cent nickel- 
chromium case-hardening steel, EN 39, which 
is used for worms and has adequate toughness 
and wear resistance for this exacting service. 


Send for ‘The Mechanical Properties of Nickel Alloy Steeis' > | 
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| MAXIMUM |ELONGATION| {ZOD 
oizE | WEAT TREATUERT STRESS t.s.i.| per cent ft. Ib. 
14” dia. | Oil quenched 830°C. e2 | 13 38 
tempered 160 C. i 
2° dia. | Oilquenched @30°C.| 821 | 175 6! 
| Oil quenched 760°C. 
| tempered 180°C. | 
4° dia. | Oilquenched830°C.| 777 | 165 62 
| Oil quenched 760°C. 
| tempered iso0°C | | 
The benefits to be gained from the more highly alloyed case- 


hardening mckel steels, such as EN 
EN 379 include ease of 


heat-treaiment, 


77, EN 34, EN 76 and 


processing distortion, and general reliability 
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The structure of metals: a modern conception 
Published for the Institution of Metallurgists by Iliffe & 
Sons Ltd., May, 1959. 118 pages, with 50 illustrations 
in the text and 12 pages of art plates. 25s. net (by post 
25s. 10d.). 
EVERY YEAR since 1947 the Institution of Metallurgists 
has held a refresher course for its members, during 
which four leading authorities survey the present state 
of knowledge in relation to a particular aspect of metal- 
lurgy. Originally these papers were republished in book 
form solely for the benefit of Institution members, but 
the information they contsined was considered far too 
valuable for only a limited circulation. Therefore, in 
conjunction with the present publishers, it was arranged 
that all papers read at refresher courses from 1956 
onwards should be made available to a wider public. 
The theme of the 1958 refresher course was a review 
of some of the modern theories of the structure of metals. 
In the first paper, Professor Raynor deals with develop- 
ments which have taken place over the past 20-30 years 
in the electron theory of maul, and concisely outlines 
modern concepts of this highly complex subject. Dr. 
Catterall, in the paper which follows, describes the 
experimental techniques which have been developed to 
test the theory and to establish such things as the width 
of the valence band; the shape of the ‘ density of states ’ 
curves; the shape of the Fermi surface; the numbers and 
signs of charge carriers in electrical conduction; and the 
change of the foregoing properties with alloying. 
Professor A. G. Quarrell discusses the dislocation 
theory of plastic deformation, which has completely 
revolutionized thought about the structure and mechanical 
properties of metals. In the final paper Dr. Nutting 
shows that this theory, at first received with some 
scepticism, has now been thoroughly justified by experi- 
ment, the techniques of which he describes. 


Notes for authors 

The Institute of Physics, 47 Belgrave Square, London, 
S.W.1. 1959. 36 pages. 3s. 6d. (including postage). 
THIS REVISED EDITION of the Institute’s booklet is intended 
to assist authors in the preparation of technical papers 
and gives hints on the preparation of scripts and diagrams, 
on the layout of mathematics, proof correction, etc. In 
addition to a bibliography of reference books on technical 
writing, lists are given of abbreviations and symbols 
which seem to follow closely the recommendations of 
the British Standards Institution. Although the booklet 
is primarily intended for authors preparing papers for the 
Institute of Physics, the recommended practice would 
largely apply to publication in most other journals. 


Research for industry, 1958 

A report on work done by the industrial research asso- 
ciations in the Government scheme. Published for 
D.S.1.R. by H.M.S.O. 7s. 6d. (8s. by post). 

Tue INDUSTRIAL GRANTS COMMITTEE, in their statement 
of policy on research associations, envisage that in the 
next five years the total grant to organizations in the 
Government scheme will be a third higher than in 
1954-59—but that the total grant-earning income will go 
up by nearly a half. While this increase implies a big 
expansion of existing research associations the Committee 
anticipate one or two new R.A.s. They point out that 
nearly one-fifth of net output of British manufacturing 
industry is not covered properly by existing research 
facilities and that some of these trades may in the future 
be appropriately served by grant-aided research bodies. 


The publication Research for Industry made its debut 
last year, when the Council for Scientific and Industrial 
Research separated the section dealing with the R.A. 
movement from its own annual report. This year the 
new publication contains, in addition to the Industrial 
Grants Committee’s statement of policy, a review of 
achievements, two special articles on research topics, and 
a complete catalogue of the R.A.s, describing the scope 
of each. 


British Iron and Steel Federation, annual report 
1958 


Copies available from the Information Office, Steel 
House, Tothill Street, London, S.W.1. 

THE ANNUAL REPORT of the British Iron and Steel Federa- 
tion for 1958 makes the following interesting points: 

Last year was a difficult year for the British steel 
industry, which felt the full effect of the general slackening 
of economic activity in the U.K. and most other indus- 
trialized countries. Although the capacity of the British 
steel industry continued to expand, crude steel production 
fell by over 2 million ingot tons from the 1957 record total 
to 19-6 million ingot tons. There was a progressive 
decline in the demand for steel from the home market 
and exports did not reach the high level attained in 1957. 
Nevertheless, the British steel industry retained its share 
of the world market in steel. There was significant 
saving in impcrts in 1958. 

The set-back in demand is regarded as a purely tem- 
porary pause in the long term rising trend. The industry 
is continuing to plan its development accordingly. Capital 
expenditure by the industry was at a record rate of £105 
million in 1958 compared with £95 million in 1957 and 
£75 million in 1956. 


Press bending 

By G. E. Hart. Chamberlain Industries Ltd., Staffa 
Works, Staffa Road, Leyton, London, E.10 

A USEFUL little booklet providing information on all 
aspects of pipe bending for steam, gas and copper tubes. 
In particular it will serve as a manual of the ‘ Staffa’ 
two-stage hydraulic pipe-bending machine. 


Die Fertigungsbelange des Gesenkschmiedens und 
ihre wissenschaftliche Weiterentwicklung 
By Dr. Ing. Kurt Lange (Hannover), Springer Verlag, 
1957. 
THE BOOKLET deals with the technical and economic 
aspects of drop forging. After a brief discussion of the 
various theories the author points to the many problems 
which must be solved. This is a useful little book written 
in clear terms, although in German, and should prove 
useful to the English student of metallurgy. - 
U. E. 


Aluminium rainwater goods 

Aluminium Development Association, Application Bro- 
chure 13, 1959. 10s. 6d. 

ALUMINIUM RAINWATER GOODS, both wrought and cast, 
are now established both by the existence of the relevant 
British Standard and by their approval and use by local 
authorities and their specification by architects. Illus- 
trations show examples of installation on various types of 
building and include several case histories. The principal 
section of the book deals with dimensions of the main 
types of gutters, i.e. half-round, ogee and rectangular, 
also with the associated fittings and accessories. Rain- 
water pipes and fittings are similarly treated. Notes are 
given on the prorerties of aluminium base materials 
relevant to this application. 
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Spend less to save more 


with Honeywell Non-Indicating Controllers 


Inexpensive, ‘off-the-shelf’ Honeywell control systems 
are already proving their worth in electroplating, 
solvent degreasing, brick drying, batch pasteurising, 
textile sizing, and a host of other important applications. 
The wide range of standard controllers readily available 
means that increased economy, efficiency, safety, 

can now be brought to every plant and process... 


to your plant and process. 
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For further information write or send the coupon TODAY 

Honeywell Controls Limited, Ruislip Road East, 

Greenford, Middlesex. WAXlow 2333 
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1 am interested in the application of Non-Indicating Controllers 
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FOR TEMPERATURE 

(Left) Remote Bulb Temperature Controllers— 
on-off or modulating 

For temperature between 0° and 700°F. 


Operates switch contact or motorised valve. 


(Right) Fast-acting Aquastat—two-position 
Microswitch control of liquids. 
Speedy action obtained by thin-walled 


vapour tension type bulb. 


FOR PRESSURE 
(Left) Pressuretrols—two-position and 
proportioning models for liquid 

and gas pressure from 0—300 psi 


For pressure or liquid level. 


(Right) Vaporstats—low range pressure 
control] unit. Suitable for high-limit control, 


liquid level, etc. 


And Honeywell Motorised Valves will operate 
with all types of Non-Indicating Controller 
to give two-position, floating and 


proportional control. 


Honeywell 
[HH] Fite in Conctinl 
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NEW PLANT 


Surface grinding machines 

An entirely new range of surface grinding machines, 
identified as Wickman-Scrivener 618 and 824, marks yet 
another stage in the development of Scrivener precision 
grinding machines by Wickman Ltd., Coventry, in asso- 
ciation with the parent company, Wickman Ltd. The 
machines are of radically new design, incorporating many 
entirely new features. They are built in two sizes, 6 in. 
by 18 in. and 8 in. by 24 in., generous proportioning 
ensures maximum support under all conditions of use. 
The attainment of exceptional precision is further assisted 
by basic machine elements of great stiffness and rigidity. 
The cross-feed handwheel graduations are in units of 
0-001 in. (0-02 mm. on metric machines), and in addition 
a fine cross-feed control is calibrated in units of 0-0001 in. 
(0:002 mm.). Table speeds are high, permitting unusual 
stock removals, thus greatly reducing grinding times 
besides being invaluable for cool-grinding thin materials 
without distortion. The forged nitralloy spindle is of 
ample cross-section, giving great stiffness, rigidity and 
long life. 

The whole of the hydraulic valve gear controlling the 
table and cross-feed movements is contained in a single 
monobloc assembly attached to the lower surface of the 
saddle, which is readily accessible and equally readily 
removable. The controls are conveniently grouped so 
that there is no need for the operator either to move or 
to stretch when operating the machine. Lubrication is 
entirely divorced from the hydraulic system, filtered 
lubricant being automatically metered to the table ways 
at all times, whether the table is being operated manually 
or under power. 


Arc-welding electrodes 

Six new types of manual arc-welding electrodes have 
recently been added to their comprehensive range by the 
English Electric Co. Ltd. ‘ Pyristees’ have been de- 
veloped for welding creep-resisting low-alloy steels, 
particularly where these are used for steam pipes operating 
at elevated temperatures; they cover working tempera- 
tures up to 1,050°F. (565°C.). ‘ Weldees’ electrodes are 
all-position general-purpose electrodes for welding mild 
steel. They have the great advantage that they can be 
used with the ‘ touch ’” technique in all positions. ‘ Man- 
ganees” electrodes have been developed particularly for 
the welding of 12-14°,, manganese steel components. 
This is their main application although they can be used 
for reinforcing purposes. They are also suitable for 
welding 12-14°., manganese steel to carbon steel and when 
used for surfacing carbon steel the resultant deposit has 
a hardness figure of 195-215 V.P.H., which work-hardens 
in service to approximately 500 V.P.H. * Pressurees ’ I.P.1 
are of the iron powder type of electrode specially de- 
veloped to produce extremely fast welding with very good 
penetration properties in the downhand position. They 
are recommended for the welding of deep grooves and 
tight fillets, from which the inflated slag can easily be 
removed. ‘ 6011” electrodes, as the title suggests, have 
been designed for applications where an electrode having 
the American classification E.6011 would be used, par- 
ticularly when welding oil pipelines on site. ‘ Her- 
culees’ 35 electrodes are of the low-hydrogen type and 
have been produced for welding heavy sections and 
highly-restrained joints in mild steel, medium high-tensile 
steels, carbon and alloy steels, and are also recommended 
for sulphur-bearing steels, producing welds free from 
porosity and cracking. The slag produced is easily 
removed and manipulation in all positions is very easy. 
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Dry film lubrication 

Acheson Colloids Ltd. are now manufacturing and mar- 
keting a new range of resin-bonded dispersions of PTFE 
under the trade mark ‘EMRALON.’ These dispersions 
represent an advance in the technique of dry film lubri- 
cation and surface coating. 

Polytetrafluoroetbylene is already well known as a 
lubricating solid with the following outstanding properties : 
(1) Extremely low coefficient of friction (only 0-04 under 
certain conditions); (2) good stability at high tempera- 
tures; (3) high resistance to chemical attack; and (4) 
excellent ‘ parting ’ properties. 

These advantages encouraged the use of thin films of 
pure PTFE as dry film lubricants and parting agents on 
metal and other surfaces. One major disadvantage of 
pure PTFE, however, is the need for a very high sintering 
temperature, for it must be raised to approximately 
400°C. before it will coalesce and form a film capable 
of adhering to a surface. For this reason PTFE is not 
easily applied to plastics, rubber, wood or certain metals 
likely to be affected by the high sintering temperatures. 

The important advantages of ‘ EMRALON ’ dispersions 
over pure PTFE films are: (1) They can be applied to 
heat sensitive surfaces ; (2) a much improved adhesion is 
obtained ; (3) the coatings have greater resistance to wear; 
and (4) they are more resistant to corrosion. 


Slip casting 

* Slip casting,’ a process used for some 200 years in the 
ceramics industry, is being investigated anew as a possible 
answer to the problem of how to form brittle refractory 
metals for high-temperature applications. In this process, 
a powdered material is suspended in a liquid, and the 
resulting ‘ slip ’ is poured into an absorbent mould. The 
mould absorbs the liquid, and leaves a casting strong 
enough to be handled during drying and firing. In the 
case of metal suspensions, this deceptively simple process 
is complicated by the fact that the behaviour of the 
casting is affected by the composition and physical 
characteristics of the slip through a variety of rapidly 
occurring and little-understood chemical reactions. This 
is now being investigated in detail by the General Electric 
Research Laboratory, New York. In the past, slip 
casting has been performed with plaster of Paris moulds, 
but in the course of current studies it has been discovered 
that ordinary foundry sand moulds may also be used. 
As a result it is possible to construct intricate ‘shapes 
easily, and a number of problems related to removing 
the finished part from the mould are solved. 


Cadmium 

Cadmium has become important for many specialized 
uses, including the atomic energy programme, according 
to a Bureau of Mines publication released by the U.S. 
Department of the Interior. 

All commercial cadmium is a by-product of ores con- 
taining zinc. Accordingly, cadmium output is determined 
largely by zinc production instead of by price and demand. 
World production of cadmium is about 18 million Ib. 
annually. The U.S. now produces approximately three- 
quarters of this, much of it through treating imported ores 
and concentrates. 

The Bureau publication traces the development of 
uses for cadmium, by far the most important of which 
quantity-wise is electroplating, followed by pigments and 
low-melting-point alloys such as are used in automatic 
sprinkler systems. Other uses are in cadmium-nickel 
batteries and as control rods in nuclear reactors. 
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Electrical Aids in Industry 


Lighting -1 





Good lighting affects productivity in 
three ways, (1) by directly increasing 
the speed of working and reducing 
errors and wastage, (2) by improving 
overall factory efficiency through 
better supervision and housekeeping, 
(3) by providing better working con- 
ditions, thus improving labour rela- 
tions and avoiding frequent changes 
of workpeople. 

It is not possible to judge by the eye 
alone whether the lighting in any fac- 
tory is good enough to serve these 
purposes because -the eye has a 
tremendous range of adaptation 
(vision of some kind is possible within 
an illumination range of 1,000,000 to 
1) and is hence an unreliable measur- 
ing instrument. Severe mental and eye 
strain or unconscious slackening of 
working speed may occur under light- 
ing which appears to be adequate. 
The only reliable way to appraise factory 
lighting is to conduct a lighting survey 
using a lightmeter an inexpensive instru- 
ment which measures the actual illumina- 

tion available. These 
figures can then be com- 
pared with official rec- 
ommended values for the 
various tasks. 


ILLUMINATION 
LUMENS/ SQ.FT. 


NATURE OF WORK, 
PROCESS OR MATERIAL 





Rough or routine work. 
Large detail. Medium 
to light material of good 
contrast. 


Ordinary work usually 
involving workers’ 
inspection. Medium 
detail and contrast. 


Skilled work, small detail 
or dark material. 3° 
Fine or critical work, very 
small detail, very poor 
contrast or very dark 
material. 


5° 





Very fine exacting work. 100 






Data Sheer WO. 6 


In addition, readings should be taken at 
selected working points with the light- 
meter so placed that it measures the light 


A -- 


on the work while the operative is work- 
ing. This will indicate whether full use 
is being made of the light or whether 
shadow is obscuring part of it. 





Glare 


Any direct light on the eye tends to re- 
duce its sensitivity—-thus reducing the 
power to see. Increasing the intensity of 
the light source may therefore not im- 





prove matters unless care is taken to avoid 
glare either by correct positioning or by 
the use of correctly matched reflectors and 
lamps. 


Shadows 


Unnecessary shadows may seriously slow 
down work and also cause accidents. Light- 
meter readings should always be taken 
under conditions exactly similar to those 
obtaining while work is going on. The 
operative himself may mask > FS 
his work, an overhead crane ~ ee 
or a heavily loaded conveyor .--~ x 
belt may periodically obscure 
a light fitting, or a dust-laden 
atmosphere may reduce the 
designed lighting values. 





|” thar Gentes eaten =e ident: 


For further information, get in touch 
with your Electricity Board or write 
direct to the Electrical Development 
Association, 2 Savoy Hill, London, 
W.C.2. Telephone : TEMple Bar 9434 

Excellent reference books are avail- 
able on electricity and productivity 
(8/6 cach or 9/- post free) —“ Lighting 
in Industry” is an example. 

E.D.A. also have available on free 
loan a series of films on the industrial 
| = of electricity. Ask for a catalogue. 
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Dust & Grit 
Collectors 


A new addition to the range of 
A. & ©. dust and grit collectors 






UF/I 


This photograph shows an Alidays & Onions 
Dust Collector, primarily for use with hearths and 
designed to meet the requirements of the Clean Air Act 





ALLDAYS | 
& ONIONS 




















GREAT WESTERN WORKS BIRMINGHAM 11 
Phone: ViCtoria 2251-4 
London Office: 2 Queen Anne's Gate, Westminster. London, $.W.1 


Phone: WHitehal! 1923/4/5 
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Classified Advertisements 


word 


FIFTEEN WORDS 7s. 6d. (minimum charge) and 4d. p 
ituations 


thereafter. Box number 2s. 6d. including postage of replies. 
Wanted 2d. per word. 


Replies addressed to Box Numbers are to be sent, clearly 
marked, to Metal Treatment and we Forging, John Adam 
House, John Adam Street, London, W.C.2. 


__ SITUATIONS VACANT _ 


GILLETTE INDUSTRIES LTD. 
ISLEWORTH, MIDDLESEX 
require a 

QUALIFIED METALLURGIST 


The successful candidate will be between 23 and 30 
years of age and will have had some experience of the 
metallurgy of ferrous and non-ferrous metals, with further 
experience in operations such as hot-stamping, pressing, 
machining and general allied engineering processes. His 
dutigs will involve the investigation of problems arising 
out of current manufacturing methods and the quality 
control of raw materials such as blade strip, rod and strip 
brass and aluminium. 

Salary will be dependent upon age, qualifications, and 
experience. Fringe benefits include a non-contributory 
pension scheme and free life insurance for married men. 

Applications in writing, which will be treated in strictest 
confidence, should give full details of age, education, 
experience and present salary, and should be addressed to 
the Personnel Controller, quoting reference EAS/114. 


___MAGHINERY FOR SALE 


For sALE—One high-vacuum, high-frequency melting 
furnace, 30 kW. Unit has two furnaces, one for air 
melting, the other for ultra-high-vacuum melting. The 
air melting furnace is a high-frequency tilting unit and 
will melt approx. 35 lb. steel in 30 min. The high-vacuum 
furnace has 15-in. diffuser pump, backing pump and will 
melt approx. 35 |b. steel in 30 min. and will give ultra 
high vacuum. The high-frequency generator is a 30 kW 
Metre-Vickers valve oscilator at approx. 200 K/cl. 
Equipment almost new, manufactured in 1952. Unit is 
ideal for experimental work or small production runs 
and is complete with starters, pumps, control cubicles 
and pipe work, etc. Further details available on request. 
Price: £1,250. 

Davidsons Engineers (Micr) Ltd., Irkdale Street, 
Smedley Road, Cheetham Hill, Manchester 8. Telephone 
No. COLlyhurst 1610. 


As NEW—WILD BarFIELD G.C. 1632 gas carburising plant 
complete including automatic control and recording 
equipment, quenches, Ni-Cr jigs, etc.—Box AN118, 
METAL TREATMENT AND DROP FORGING. 





Heat-treatment by H.F. Induction 


We can undertake to harden your parts in large 

or small quantities by the most modern methods. 

Send your samples for trial or visit us to see our 
wide range of hardening equipment. 


EFCO Heat-treatment Division 
Wellington Street Extension, Burton-on-Trent 
Telephone 4861 
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WIN 
THE BATTLE 
OF THE BURR 


B. O. MORRIS LTD. - MORRISFLEX WORKS, BRITON ROAD - COVENTRY 
Telephone : 53333 (PBX) Telegrams : MORISFLEX, COVENTRY 


PRODUCT OF THE Perrcafler GROUP 
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UTOMATIC AIR-GAS 
‘ROPORTIONING AND 
AIXING MACHINES 


’r preparing and delivering combustible or non- 
mbustible mixture. The gas system of outstanding 
ierit for furnace and kiln firing, direct flame heating 
ocesses, and protective atmosphere generation 





FURNACE FIRING GAS BURNERS 
\ wide variety of different and distinct types 


for use with all clean gases and to suit any 


combustion system 


FORTY-FIVE STANDARD 
CLASSES OF THERMAL ENGINEERING 
EQUIPMENT, APPLIANCES AND 
ACCESSORIES. 


Catalogue gladly sent 
upon request. 







A SELAS 


OF MANCHESTER 


LEADING BRITISH MAKERS OF 
FURNACE FIRING AND FUEL-AIR 
PROPORTIONING EQUIPMENT 









AIR-GAS AND AIR-OIL PROPORTIONING 


AND FLOW CONTROL VALVES 


For unified proportional flow con- 
trol with double pipe line burner 


systems 


Manual or automatic operation 





SELAS GAS & ENGINEERING CO. LTD. 


SELAS WORKS, CITY ROAD, MANCHESTER 15 
PHONE: MANCHESTER : CENTRAL 2648 & 2649 
GRAMS AND CABLES : SELASGAS, MANCHESTER 


LONDON OFFICE: 
16 GROSVENOR PLACE, S.W.! PHONI SLOANE 7803 & 9818 


OOS 
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The stock is placed between the rolls and is 
AUTOM ATI then fed through the dies to the workstop. 

C The die then closes, cutting off the stock 
to the required length, and delivers it to 
FORGER the heading position. The heading tool 
then completes the forging, which falls 
down the chute on to conveyor. Supplied 


in several sizes and for making balls of 
up to and including 4 in. diameter. 



















No. 2 machine with guards removed 


These machines are made in three sizes. 
HOT The smallest handles bars up to 2 in. 
diameter. The largest size, as illustrated, 
MILLER takes bars up to 4 in. diameter. They 
are an invaluable asset to any forging or 

drop stamping plant. 


No. 3 machine illustrated 


We also make 
eight sizes of 
Standard Upset- 
ting Machines to 
take bars from 
1 in. to 6 in. 
diameter. 








MACHINE TOOL WORKS LIMITED 


GRANTHAM ROAD, HALIFAX, ENGLAND 

Telephone: Halifax 3234-5 Telegrams: Covmac Halifax 
OVERSEAS AGENTS.—AUSTRALIA: Gilbert Lodge & Co., Ltd., 386 Harris Street, Ultimo, Sydney, N.S.W. CANADA: 
Williams & Wilson Ltd., $44 Inspector Street, Montreal. FRANCE: Societe Anonyme Alfred Herbert, 1 and 3 Rue du 
Delta. Paris (90). HOLLAND: Esmeijer & Co., Oosterkade 24, Rotterdam, C. INDIA: Alfred Herbert (India) Lid., 
13/3 Strand Road, P.O.B. 681, Calcutta, 1. NEW ZEALAND: Gilbert Lodge & Co., Ltd.. Head Office: 24 Great 
South Road, Newmarket, Auckland, N.Z. (P.0.B. 9194, Newmarket), also at Christchurch and Wellington. PAKISTAN: 
Guest. Keen & Nettlefolds in Pakistan Ltd., P.O.B. 819, Bank of India Buildings (3rd Floor), B r Road, Karachi. 
SOUTH AFRICA AND RHODESIA: Hubert Davies & Co., Ltd., Hudaco House, 7 Rissik Street, Johannesburg. 
SPAIN: Gumuzio $.A., Gran Via 48, Apartado 920, Bilbao. KENYA, UGANDA, TANGANYIKA & ZANZIBAR 
Len Cooper Ltd., P.O.B. 3796, Nairobi, Kenya 
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Hardening of valve rocker shafts at 
Morris Engines Ltd., is carried out 
on Wild-Barfield Progressive 
Hardening Machines. (Note the 
hardness pattern on the rocker arm 
that is being removed.) This is a 
typical application of this proved unit 
of the well-known Wild-Barfield 
range of induction heating equipment. 


Some technical facts. 


This fixture caters for lengths from 1” 
to 30’, or longer in special cases, dia- 
meters from i” upwards depending on 
the size of Wild-Barficld A.H.F 
Generator used. A simple cam change 
enables any desired hardness pattern to 
be obtained giving hard and soft zones 


as required. The construction follows 


ASS ARSDEADE LRAT PEER AT, -- 


machine tool practice and incorporates 
traverse speed control which, together 
with power control on the generator, 
makes the equipmentextremely versatile. 


WILD-BARFIELD ELECTRIC FURNACES LTD 
(High Frequency Division) 


ELECFURN WORKS 


patina th cone WILD INDUCTION HEATING 
enn a bese BARFiELD a) SPEEDS PRODUCTION 


Tel: Watford 26091 (8 lines 
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Your die 
Sir! 


Service to stamping shops isn’t quite as 


easy as that, but Jessops are now giving 


rapid delivery of 


DTEM DIE BLOCKS 


now available in weights up to three tons 
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block. 























They can be supplied 

either annealed or heat-treated - _ either 
black or rough-machined on one or more 
faces - either with longitudinal or transverse 
grain flow 

in the following hardness grades :— 

HARDTEM A HARDTEM CC 


40/-429 BRINELL 331-352 BRINELL 
HARDOTEM BB HARDTEM DD 
363-388 BRINELL 293-321 BRINELL 











JESSOP -SAVILLE 








BRIGHTSIDE V/ORKS 


A MEMBER OF 





LIMITED 





Mssop 
SHEFFIELD ENGLAND 


ann THE B.S.A. GROUP 
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Photograph by courtesy of Messrs. T. Firth & J. Brown Lid., Sheffield 


Brayshaw | ts 


Bogie Hearth Tempering Furnace 





of the products recirculation type installed 
at Messrs. T. Firth & ¥. Brown Ltd., Sheffield 





; a ANNEALING 
The above illustration is one of many 
installations supplied to leading manufacturers. HARDENING 
Brayshaw Industrial Furnaces supplied for all TEMPERING 
purposes including:- --------- CARBURISING 
FORGING 
Ask ... BRAYSHAW the specialists in TINNING 
design and construction of GALVANISING 
internationally famous Furnaces. MELTING 
by 
BRAYSHAW FURNACES LTD Ges - Oli - Electricity 
BELLE VUE WORKS MANCHESTER, 12 
Telephone: East 1046 (3 lines) Telegrams: Hardening Manchester 


London Office: 21 Liverpool Street, E.C.2. Telephone: Avenue 1617/6 
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HEAT 


TREATMENT 





Capacity for case-hardenirg is now 
available in the most modern heat- 


treatment plant in London 


x 
x 
x 


E. N. V. ENGINEERING COMPANY 
HYTHE ROAD, WILLESDEN, N.W.10 
Telephone LADbroke 3622-3-4-5-6 


Gas or pack carburising with full 
metallurgical control over all opera- 
tions 


Gleason quenching press equipment 
for pieces up to 36” dia. plus wide ex- 
perience in the control of distortion 


Flame-hardening of gears up to 10 ft. 
dia. with latest electronically con- 
trolled equipment 


LTD 





APT? 





Cut your finishing costs on 
DIE SINKING 

By using the 
BRIGGS - AJAX 

Range of 
AIR GRINDERS 


which have achieved an enviable reputation for 
reliability since their introduction 21 yrs. ago. 


AJAX JUNIOR, |00,000 r.p.m. for Stones 


3s” to 3” dia. 


AJAX MK. Ill, 50,000 r.p.m. for Stones 


1" to 3” dia. 


BRIGGS MK. II, 28,000 r.p.m. for Stones 


4” to |” dia. (deep reach) 


BRIGGS MK. V, !0,000 r.p.m. for Stones 


14” to 2” dia. 


Literature on request from Manufacturers 


BRIGGS BROS. (ENGINEERS) LTD. 


206 EDWARD ROAD, BIRMINGHAM, 12 
Telephone: CALthorpe 2995 
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COPPER BRAZING 


of 
Small Assemblies 


and 


BRIGHT ANNEALING 


Annealing and 
Stress Relieving, Normalizing, 
Cyanide Hardening 


LETCHWORTH HEAT TREATMENT 
& HARDENING CO. LTD. 
Icknield Way 
Letchworth, Herts. 
Telephone: Letchworth 964 

















THOMAS ANDREWS 


AND COMPANY LIMITED 
High-Grade Steel Makers 








" m HIGH SPEED STEELS 
MONARCH ) HOT & COLD DIE STEELS 

{ TOOL HOLDER BITS 
“HARDENITE CARBON & ALLOY TOOL 
) STEELS forALL PURPOSES 


“HELVE™ 


( CARBON TOOL STEEL for 
) CHISELS, PUNCHES, &c. 





ROYOS WORKS 
HARDENITE STEEL 
ATTERCLIFFE ROAD, 


AND 
WORKS 
SHEFFIELD, 4 


Eaport Deperument 
THE HARDENITE STEEL COMPANY LIMITED 


Teepnone 
Shoffield 22/3! 


Telegrams: 
Shafting, Sheffield, 4 
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FURNACES FOR COIL 
SPRING MANUFACTURE 





































DOWSON & MASON MANUFACTURE: 

Galvanising, Tinning and Lead Bath Furnaces; 

Wire and Rod Baking Ovens ; 

High Capacity Continuous Wire Patenting 
Annealing Furnaces. 


DOWSON & MASON mt 00) 





A.1.D. D.1.ARM. 




















Iilustrated are some of the Furnaces in the 
new Factory of Cockburn's (Springs) Ltd., Glosgow 
They consist of :- 
| Oven Furnace 3 
| Oven Furnace 5 
| Oven Furnace 3 
| Bar Heating Furnace ! 
| Lead Tempering Bath ! 
2 Blacksmiths’ Hearths 3 
All are fired by town’s gas. 


ABBEY HEAT TREATMENTS LTD. 


Plaza Works, High St., Merton, S.W.19. 


Specialized Heat Treatment in our 
NEW Capacity Furnace with non-oxidizing 
atmosphere. 


SPECIALLY DESIGNED for the heat treatment 
of high temperature alloy materials up to 1,300°C. 


Enquiries will be dealt with personally by 


our Technical Staff: RING CHERRYWOOD 2291/2 


& A.R.B. APPROVED 
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STAINLESS STEEL 
HEAT RESISTING 


ABRASIVE RESISTING 


HEAT & ABRASIVE RESISTING 
CYANIDING POTS 


CASE HARDENING BOXES 
CAST IRON, BRASS, GUN METAL 
PHOSPHOR BRONZE, ALUMINIUM etc. 


HIGH SPEED TOOL, DIE 

& SPECIAL ALLOY STEELS 

also STAINLESS STEEL ROAD 
LINES, STUDS & SIGNS ... 





HIGHLY ALLOYED STEEL 
CASTINGS 


*JOFO’ castings are available in 
a wide range of qualities 


From a few ozs up to 10 cwts each 


M.0.S. approved inspection facilities installed 
Routine X-ray control 


HM Johnson kets 


Regd. Office 
BROADFIELD ARD., SHEFFIELD 8 
Telephones: 524314 
Office and Works Entrance 
AIZLEWOOD RD., SHEFFIELD 8 
Foundry : Aizlewood Road. Sheffield 
Machine Shops: Broadfield Road, Sheffield 
London Office : Central House, 
Upper Woburn Place, W.C.!. 
(EUSton 4086) 

Glasgow Office : 93 Hope Street, C.2. 
(Central 8342/5) 
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HIGH TEMPERATURE 
SERVICE 


THE NICKEL- 


CHROMIUM 
ALLOY 


For Temperatures at which 
other metals collapse 


THE CRONITE FOUNDRY CO. chink 


LAWRENCE ROAD, TOTTENHAM, LONDON, NUS sranroe 
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Electem die blocks are ahi a 
& 


produced in the most up- 


to-date plant in Europe 
Furnaces are automatically 
controlled; the Heat ae Fy 


Treatment bay is designed . s 
to ensure absolute F t 

accuracy and uniform . 

hardness and every block ’ 

is individually checked 

Our technical experts 

are always ready to call 

and discuss any die block 


problem 


THE MODERN DIE BLOCKS 


WALTER SOMERS LIMITED HALES OWEN, NEAR BIRMINGHAM 











